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suggestion, but determined to judge for himself. He should 
not be biased by appearance; have no favorite hypothesis; be 
of no school; and in doctrine have no master.” 


—MIcHAEL FaraDAY. 


PREFACE 


So far as the author is aware, this is the first book in America 
dealing exclusively with the subject of low temperature carbonization 
and the first relating solely and comprehensively to its technology. 
A great amount of data have been made available to the industry, 
but, heretofore, little effort has been made to collect and correlate 
them so that they might be of maximum value to the art. Con- 
sequently, it is anticipated that this book will fill a vacancy in the 
literature relating to the carbonization industry. 

More properly, perhaps, this volume should be entitled ‘“Tech- 
nology of Carbonization with Special Reference to Low Temperature 
Carbonization,’’ because the principles of distillation at low tem- 
peratures are identical with the technology underlying the initial 
stages of carbonization at medium and at high temperatures. The 
technical differences between high and low temperature carboniza- 
tion lie in the extent to which distillation is carried, by regulation of 
temperature and time, and in the procedure adopted for carrying the 
process to completion. 

A review of the numerous patents on methods for effecting the 
distillation of carbonaceous materials and a study of many attempts 
to solve the practical difficulties lead at once to the conclusion that 
many otherwise creditable efforts have failed because of lack of 
knowledge regarding the behavior of coal and of its distillation 
products with respect to variations in temperature and other physical 
conditions. In other cases, where the behavior of coal has been well 
understood, failure can be attributed often to lack of knowledge of 
the properties of materials under severe conditions and to unforeseen 
operating difficulties. The justification of this book rests upon its 
effort to treat these subjects in such a way as to establish the art 
upon a scientific basis, so that, henceforth, empirical methods may 
be reduced to a minimum. 

The economical aspect of low temperature carbonization is the one 
restraining feature in the advance of the industry in the United 
States today, but this does not apply to other countries, such as 
England, France, and Germany, which are not so generously endowed 
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with petroleum and other high grade fuel resources. Because of its 
controversial nature at this time, the author has deemed it advisable 
not to treat at length the subject of economies to be derived from 
carbonization at low temperatures, but to adhere, as far as possible, 
to the technical phases of the art. In due course of events, progress 
in the art will demonstrate just what place low temperature car- 
bonization will occupy in the industrial organization of each nation. 
When this position becomes clearly defined, the subject of economics ~ 
can be treated more adequately without the necessity of discounting 
figures, glorified by promotion and minimized by competitive 
enterprises. 

As a word of caution, the author takes this occasion to point out 
the great care necessary in reviewing the literature on low temper- 
ature carbonization. Many articles have been reprinted in the 
United States from English sources in which British gallons have not 
been converted to United States gallons. Many yields per ton of 
coal are quoted without specifying whether it be long tons, short 
tons, or metric tons. The tar yields are sometimes reported as wet 
tar and sometimes as dry tar, without indication of which. Calorific 
value of the gas is reported for either the scrubbed or unscrubbed 
gas, usually leaving the reader to judge by the figure which value it is. 
Unless otherwise specified, the figures herein given have been cor- 
rected to short tons, dry tar, and United States gallons, as far as 
was possible from the reports of the authorities. 

The author gratefully acknowledges the assistance of all who have 
contributed to the preparation of this book through rendering of 
illustrations, translations, location of bibliographical references, 
stenographic work, and otherwise. Finally he expresses his thanks 
to The Williams & Wilkins Company for their encouragement and 
typographical work. 

F, M. G. 

March, 1928. 


CONTENTS 


CHAPTER I 
FUNDAMENTALS 
MEAN DOPLCEU GR ER vate rs so ieisra Nee Gate SO are aid Slat tiajannd Bali hea Ne oe ae 1 
SHUG NT TET Ca Neat i DE Z ralar OT Ee ae PR 4 
(HIB HIOT SY GA? COOP lan at eee ran Sapte Nei cunre titan, Ae re rps ie NER aE Reem AOS no 6 
RURAL GLOMnOL COAL sys lates cvalc is voohee wialeles ie odes eeG le Tks a aa 7 
MD GRETILC LUMO Y IS tA A PEO rc7.b sec oalereucniese Marek Reel elule Oe aie einen Screens stone 9 
Low Temperature Carbonization.........00 600 cnecescvsorbessenvenaces 12 
EERE One ee Peay as mere cols icc la ORLA y Vee ARES Soe 15 
COCDEEL TENET i aa ey Zetia ee eR aS SL RSE TES aa PA ep rr Ra eae are 19 
BNR OTINOOMEMIALEY ftir csrcicis ta aie ties owls celeste nee soem esara.s Oe bia Mees eee ere as 19 
Poem sala GO te sets ccisars aicis Cee as Vea Sic siclaTe ew ae tle hens ae nea eaee 24 
CURIE ATEIEN ois as og SEARS ea MCC PRICE aR Armen eR rat aan a), Ce 24 
LEACTAO | DPR) cope Saree CIN wna UR are #2 Pay a aOR iAP cain a 25 
[Suecks UNAS ES YonS aS ant ia ea ae iret eens Seen me ain = ie me 29 
EntornArAnd. Py Xternal HOAGING . occ )6.c.<%s.c/0.0.015/s.ey9) «0 0.000 asa eid-o greselosouiesisinve-cie-cle's 35 
High and Low Temperature Carbonization...............eeeceeeeeeeeees 36 
CHAPTER II 
Low TEMPERATURE Coat Gas 
HE VOUREROIEOL CAEN teas are cee a teat cre ais toue, sit s\grarate’ Steio oie diesel eve SS AP ree ae 39 
PATIIIETE OVINE OPUS fies nts, Nias ea cient eave auersrslovekeiatcteleieteia wis leie cnc ebsince aiefone a sistoaen arene 39 
LB eel, (Clay ES cerene Se aie aa oan ea ne et oe aR Pe gael er ataeeln re SiN at 47 
Peatiand TIgnite. 66s oe Ses ceed des oe es Tat oie ehatar she lovely isvend SNCS ra RN Nae ates 51 
Dao Memes 5 ctleower ees SUNS ee eee ron ctorasetwenl or dons ek stoma neeayorge elon ida wares ane EEG A 53 
PPIREV TE Ch emcee tals tates aceiake th cues ess een Mola uve a Mieverlermvelivarsialin a anaiacskspsra wl Seevalera fd 56 
WN PCUR AITO H TOOL a raccie orscsie stele sors ie sce in Miele hehe Melee) G Sie Sune wba earetel encarta 63 
DE CORUALY PD CCOMIPOBILION® oss ssccvs cs.e in Mir Vicia sisreverrctesre stors a eteiele sialeteietalessialbars 64 
RRB SCOUSVATIMOSDHOLER: soccsitns ceed so sa ave One ievwisrn’ > «mele aeatemtreremere eta me 66 
(SHIGE TT AY 7, 5 Se ER OIA DS PEt? PUMPER Sus cero 67 
Physico-Chemical Hquilibrium..........00c00scc008ceenceewas Rees oe 71 


CHAPTER III 


Low TreMPERATURE Coat TaR 


HI AMCHIONSOLPELIMAL Yc LAL: nis scr wiaiels sialele sin gees aaieiste tte nie oleic dio ig Gt a's ce als wisi 73 
MITIQRCHOGL tary ets tani: ere iatere sisksconio Gnas leisiniarafote eis o susiele, s.cyancrerscaryieterert pi seater 79 
PEVCRAUIFE ANG eV ACUI EAL GCE . usc.cc acs cicls  crart.aieidis siti sisters tareid stele s'eiproveleietens 81 
Atmospheric and Moisture Effect.............. Bie ates a ieleel atrn eminent 83 
OMA UN ETON Ob EIIDIAL YU AEs ors crcverai store arse vimieisin vie og sia eicieic «<i ofelsi a atc retpteee . 84 


Xi CONTENTS 


Tdentificationcof-Compoundscch 24. stem ron ietaieier sec tsiel ones) ele syle ereleinte en alere 
gE asc) (6 Fae ore nie nent creny Tamed oA Mn MN RUM SSE nnd tan 9G cd OCU)),Oh OTS 
Tar DBa Sess ok 35 dis 0-6 gp te cei a RIS AU rate toe Eanes ecole! eget cp a a nA beet eae 
Par Solids Sul phury (and. Pig uote erence tc viaen ascparsiale are ke iene tee enue renee 
Primary: “Var Hractionation’: masa waa cere en ela eter ici eee oracle tease 
Steam Distilled: Lays Seth ce hes. atv soles oh teh eters cen es fae oleae eRe eae cee este 
HalleSeale Retort Tari wics-cere ete alae coche eiete ote) ae Sect Fake, ay te ace ted eee 
Peyronie Keira ee sates and aeeve rd cas se Oe ea peer eNe eet Poteet eee ta Mee thee fe eee 
Cracked*’Par Gas cccnt ie i Mis Gap als amb ie Saw aie heres Were ee ose ro One areas 


CHAPTER IV 


Low TEMPERATURE COKE 


High and Low Temperature Coke............ Per ee eee 
SemirC okey oe re eee oi, ue een TUN Ufo dra ene Ate re es ge eee 
POROSLEY eo ehers Ci sas fase hls oe Haat SIRE ie oa ara ace at aE aa Roa TOONS aI Se eae eee 
Colleren cys oi sleet toy aye nN aos ee pina ol Oise rere ae ee eee 
SivAS Ub bt ea tiee rumen aor rapa nee Ol Fenralirme aia aR Sea MP ARM RR a oo wk Nive 
Preheating: and) Oxidation cin. cose cent ood seni sal ae ee eer 
Oxo) eotal BYeE CL hia th ERAS ee ean st Cin ROME SIGS AE a PaeniCiB Gita ain ovo cial: hide 
Coke’ Combustibility rs ivi ac sete vitae orn cielo Glas i A noes ere 
ColkerStrene this; Facscrecieleaneies oh otra ato eee cokes ees 
Pet perature WME ct H.5 aisiacs-ccs ioceesde capes love aw opera OSH Cota a eo eee 
Semi-Coke Uses 
Domestic Fuel 
Power Char 


ee eC Ce ce cc ry 
i i oe re cr cy 


Oe er | 


CHAPTER V 


NITROGENOUS AND OTHER By-Propwucts 


Distribution: of Nitrogen’) craitseajos = esr esi es cere 
Efe e trol Memipera trae c.)e dsc sca roses org elexatetaua ya. lasers Saver Wen Oreo aac Ree 
Amimontumy Sul plates oy. aca cecs nue a cia sloiakalg ores ater Cleese alee ve ae ee 
Dhermal Decomposition sc acai cee «o-ctoneraare erates sts ae ee eto eee 
Rate of Decomposition 

ATMMOnIa ONT ha tio ash iris n ei ioets oles sORISIT sri eee eer 
Nitrogen and Hydrogen Atmospheres..........0...0.ssecccsececevece deat 
fej) 4 00 bY aaee eate nee PMnee EES GARGS AM yeu Mn or ee he 
SulphurwDistriputiony, 9.0)).sasurse to sos escarole eee cep eee ne eee 
Thermal Transformations 
Temperature Effect 
Desulphurization 


ee ee rd 


Reem ere meme e reer een ses seer ansesseeresesese messes 


eC i ee ry 


ri Sr ey 


CONTENTS xiii 


CHAPTER VI 
Processes OF Low TEMPERATURE CARBONIZATION 
daptabllity Of Processes ciacacc aie c/clvoa einen allah or saab ween ate nee Ree 206 
GTAGsiiCat1OnaO ile TO CORRES auee a sion thas oe ae ns ee eI eee 207 
Rarbocosl-NMolntire PYOCOSseS. so... 5. 6c nessun nck ccte + uaeee ents ie enas 209 
Goa itemenG COSSES etre ake eet ne es es eee 215 
ESTGEIMAMS ELOCESS tic he nee atk tore otto e se IS ee he RAT CE EE oe 220 
MiueleResearch Board PrOCessehs.... s,cskleuas c:s Sis wullsieis sdles Maes ep ohaowies 223 
PAIS OME ROCESS farsa ict ie ire aE os oP etc ane MER EES 231 
(Greene Waueks Process s.io cies seers tinis oh ae law clo baa hk deine oe one 233 
EGS GPE LOCRSB 2 ete sees raha ae sso as, HE ec Note edi Te os ee 235 
Mac lauriine PPO CONS seis cue tices eteccrvsis cia ictiins sien a eco tel or erne re eR aE Ea 237 
Nich wen-hunge (2LOCOss ich. c ccs oelnes. sillen winlee no sieteRfe tees ere marene ay 240 
INTE ESOT EO CESS aeiacee stat etre ty: gia tac tie awe oo Gees SPR SSSI Ts LA 243 
IPITON=CATACTISuIe PROCESS: vcce nice nate e Ot ele een eee en OL ee Ee 246 
SUGCHie =EiVANS SE TOCESS cise Aweg gra ceidee iol eraoe & Sie, b-otaleleee aie nn ayecoed be statutes aie arenes 249 
AO ZETMELOCOSS a tac cee Shae ecw iteere are ete cal eet Se IR Eos toe ERE a ee 252 


CHAPTER VII 


OPERATION, DmsiaN, AND MaTERIALS oF CONSTRUCTION 


GON OLA en nai citvere seater’ ¢ aisle tioraiare ay otavarater wranhiatate Med vsarain’els o anne dierattrseatie seer aTee 254 
OPeratiONOL LeCOLts. e-cescin sxasiviciw Gin se pb leis: dope hes oelaue Oe Weve) Nears oss aera aelamionens 254 
HME STINT Ot VC GO RLS yeciass i oenle cate, s.cuackes A)seancae: bose ars fia arate warece Arete one MetatOn ot ctehe 258 
Mo KeTIAIS OL OONStLUCTION sieccrs vheaereis als eoreriedenra aubts sommes alee Meroe eee 264 
VERT ACCOR Ys TOC COL ES rcteraie tcaketeie olay he sesaley oval tie ckovegele, aVaiata eo corn ene ce, sir eva ara Ata Pay rs 268 
ProOVErbhiesiOle ReiraGLOTLES s,s) asis:.devs,« nla/ieiersietswiaievs c, sloreis atald oe i rate chelereereiete 273 
Viet mITeMebOLUSe: cz ee «crs sieeve eS on Totahe nie aiceie eevee oierae aol Ane ante a 284 
IREONELtICS-Of CAsb=LTOM: civic saps di’ oic' erase ¥oare gts ale araalaee el tcess at ine eoeiel dee 286 
IBRODERUIOS OL SbEEliiesc Gar ate nie tessa’ ae siamo recoue e+ Wiesaitlere to ay aise oleae 293 
ORT er OR RS LOL ES oaciice, «els iors’ scale oe ataliea e alo“ ale « itecelniat ota ave beratelece eyeretersiare 299 
Wonyection andy NaGiablONn: s,s. oe-coare oo sais sles cis soc iss s Rare siete Wists ee 305 


CHAPTER VIII 


Economics AND CONCLUSION 


VATSIGISG ASS GER eA ne oA RES te oe RRR eS eo Re ee eM MN eae ceil 314 
FLEVSMUeeiLONAN @ PETA GLO: acta sare ai loiter = eisicht cava ietols.<F siols sistant eotens ates 316 
Ganitaleand(Opera ting COste nes jcpiteio wees eons cine. oes ke etehel detente eats 319 
Economics............. Reco Cn ss Ucn G Tet ea an en as MS 322 
The Coke Market....:5./..: dic Sheree Ue Taine chal ai rh eee ak aaa oe eae aie 327 
Kbie Gasand vbightiOl Markets ysis cciaiee s wlem va cies avers binrsteces Nereroistomarctele 332 
Mb Ene Rana ea VE aT KC bey: siciastete erclcs Oe ea cerdere «Sieve [eLT hs fol nraialle etoara evel a oratobeettespel stan 334 
peshixeauNigrogen=: Markets a sits col os:< ater sis. aces wie te susie le.siels oreiaveeteia a olsiets 340 
epee lies Oba steak os oroiceaa Sencuea eect che race Sate eieiatereahe Welaus atorsteeateyelderete 345 


Centralistatiom BY -Eroduct RECOVERY sa. scics icine enter s5\s/@sinivies nis we vibes 352 


Plant Location.......... 
/ Buel Resources) 03.0.0), Asiana apart 


| OMe R icc C ade ned 


BIBLIOGRAPHY 6 51 i. oa 


Battery of Carbocoal Primary Retorts, Clinchfield, Va............ Frontispiece 
Fig. 1. The Approved Apparatus for Destructive Distillation of Coal in 
POL ORG ain cenrasuver nha A Sele sea senna Kievan’ novsi aise eer ater roe 2 
Fig. 2. Heat Liberated from American Coals as a Function of 
PECTHIDCTAUUTO Me as ere eee tees racine ee oe es eee in eee ea 25 
Fig. 3. Heat Liberated from Peat and Sawdust as a Function of 
FDeMiperatureenns chia cancer nec npn ce ibkceaias tele sano eine Pekar oe 26 
Fig. 4. Resistance of Plastic Layer to Gas Flow as a Function of 
GO xT OLGe Ae iene es cattoe ate sateen aie 27 
Fig. 5. Progression of Plastic Layer Across Coke Oven as a Function of 
AVENE Gs ees epe a oiote se SoeeHe Th Acie ona RR acts torts oa tes Gea haa Reo ees 28 
Fig. 6. Rate of Travel of Plastic Layer Across Coke Oven as a Function 
OLED ISEATICO Rea ins wr aN crac manta acre cata NS orcas Ue ere nen ae 28 
Fig. 7. Temperature of Charge in High and Low Temperature Retorts 
AAAS UNE TIONOLs LANG aes secs oe seers aeons oro a era aree as 30 
Fig. 8. Isotherms of a Coke Oven as a Function of Time.............. 31 
Fig. 9. Effect of Steam Admission on the Distribution of Temperature 
Hiss VETELOD LUN CLOLUS aun cai sonoma Raine wr eter eta ees eerretine ote 33 
Fig. 10. Composition of Gas from Pennsylvania Coal as a Function of 
PROM CRAGUTO cee coe as eccreccinie creche ene c. ciateomie toh a eaten eas 43 
Fig. 11. Composition of Gas from Illinois Coal as a Function of 
META PelaLULere reais ac ceesterie ote suas uate cor Scianges a ae Oey, Reta 44 
Fig. 12. Composition of Gas from North Carolina Coal as a Function 
OipDeMpMeLavurescccnd: shee s ude aie Secon chi: CRT 45 
Fig. 18. Composition of Gas from Wyoming Coal as a Function of Time... 57 
Fig. 14. Total Yield of Gas from Pennsylvania and Wyoming Coals as a 
Rarer tom vot MEI ye.2 cern ebescoaey ceca estes ity ie aie he ee tetae 59 
Fig. 15. Composition of Coke Oven Gas as a Function of Time......... 59 
Fig. 16. Initial Absorption of Heat from Retort Wall.................. 60 
Fig. 17. Rate of Gas Evolution and Calorific Value as a Function of 
HEMETAQ Omer eee ie isos ose ton sem yee Ca: Sucea, eee Mel nine Saal ete oaetetomt onal ohare 61 
Fig. 18. Volatile Matter Deposited as Tar as a Function of Carbon- 
GAT OMEN ERE EIO spe tesee ere sce seo uc, cesh vee ceiss teem nite one Si os OT 76 
Fig. 19. Yield of Tar from Welsh Coals as a Function of Temperature. 77 
Fig. 20. Yield of Tar from American Coals asa Function of Temperature. 78 
Fig. 21. Yield of Tar-from American Coals in Vacuo as a Function of 
PREMPORAL UTS nce occ s.< cise sitorente eesletpereptias ener) cietery arene ister eaes 82 
Fig. 22. Distribution of Low Temperature Tar Acids as a Function of 
AS OTA SECU i eae a eee re cGie sels ape erates Bieta Bacto eae Pioied neta ae 93 
Fig. 23. Distribution of Low Temperature Tar Bases as a Function of 
SOL OLE Geis ccaereteca seen ee ee eho ce esl in lola aeianh sete wee al ageatie) canines 94 


ILLUSTRATIONS 


. 24. 


. 25. 


. 47. 


. 48. 


ILLUSTRATIONS 


Boiling Range of Low Temperature Tar, Shale Oil, and 


Petrole anes bs ies we side a since atte Se ei ee See a leg ee Pee ee 100 
Boiling Range of Low Temperature Tars from Pennsylvania 
OTC f= ieee SONU Prot ORA RTE DARREN Oe aera bn toe 101 
Boiling Range of Shale Oil Fractions and of American 
Gasoline ei eeics ie ei kee YM iendl ee EE re es 105 
Boiling Range of Steam Distilled Low Temperature Tar as a 
Munetion of Temperature. <4 sic scyan scenes = seers eee ee tee 106 
Boiling Range of Vacuum Fractionated Steam Distilled Low 
Tempera ture air 220. vwte vss acss a rsceie «eres Ge taeyoe eeeeeaet Eee ae 107 
Light Oil and- Fixed Gas from Low Temperature Tar as a Func- 
tionof-Cracking Temperature... os -s-.er actrees sere 116 
Reaction Pressure of Berginization and Cracking as a Function 
OPED vies esas chs ln, ajen ola oa te lesacitints asa) cua ole pease wae eran ate eee cea 122 


Swelling in Loire Coal as a Function of Time and of Temperature. 138 
Swelling in Béthune Coal as a Function of Temperature and of 
Rate of Heating) ccc 26s Sia wooed Le ee ear aes 139 
Comparison of Loss in Weight and of Swelling in Durham Coal 
as a-Hunction of Pemperature jcc... eee nee eee 140 
Swelling in Varennes Coal as a Function of Temperature and of 
QOXIGAGION Sook eyewear oie a cia nite Sue RIT ee 142 
Swelling in Varennes Coal as a Function of Temperature and of 
Prehea bin gr. ai 8 2 sos oie cts soeck ote eicbe ane ERNE II Oe ea ee ee 143 
Evolution of Carbon Dioxide from Illinois Coal Lignitic Residue 
asa Function, of Nemperatures...- scene eee eee 144 
Evolution of Carbon Dioxide from Illinois Bituminic Extract as 
a Punetion of temperatures >. neces eee eee eee 145 
Proportion of Oxygen and Carbon Dioxide in Combustion Gases 
from Various Fuels ieir.c< tensa losaint ro eee ee hee eee 148 
Crushing Strength of Cokes as a Function of Rate of Heating. 150 
Yield and Analysis of Semi-Coke under Steam Distillation as a 


Munetion of Temperature so cc.s)crc setae ree a 151 
Yield of Products from Silesian Coal as a Function of Tem- 
PETAGUTE 5 see SS ols eae ere ese oe te a ee 162 


Yield of Ammonium Sulphate as a Function of Temperature... 166 
Catalytic Effect of Iron and Porcelain on Ammonia Decomposi- 


tion;as a, Punction of Lemperature:.... s-ceee eane seers 167 
Catalytic Effect of Refractory Materials in Various Atmospheres 

‘on Ammonia Decompositioniasie nee ee eee 174 
Oxidation of Ammonia in Dry and Moist Air as a Function of 

thie ‘Rate: of BLOW: favccicc: asd lesa weiner neteea ea oe ae 176 
Catalytic Effect of Chattered Firebrick on the Destruction of 

Ammonia as a Function of Temperature..................... 178 
Evolution of Ammonia From Low Temperature Coke in Atmos- 

pheres of Hydrogen and of Nitrogen........................ 184 


Evolution of Ammonia from High Temperature Coke in an At- 
mosphere of Hydrogen and Steam): >. ..cly.cueus een 187 


Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 


Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 
Fig. 


Fig. 
Fig. 


Fig. 
Fig. 


Fig. 
Fig. 


Fig. 


49. 


50. 


ILLUSTRATIONS XVil 


Evolution of Ammonia from Low Temperature Coke by Succes- 


sive Heating at 800°C. in Various Atmospheres.............. 188 
Evolution of Ammonia from Low Temperature Coke Heated 
Successively at Various Temperatures....................0-. 189 
Evolution of Ammonia from Low Temperature Coke in Various 
Atmospheres as a Function of Time......................0.. 191 
Evolution of Hydrogen Sulphide from Coke by Purging as a 
UNC HOnVOt Die rctd iui tien on ie eae tae eee 199 


Evolution of Hydrogen Sulphide from Low Temperature Coke 
Heated Successively at 800°C. in Various Atmospheres....... 201 
Evolution of Hydrogen Sulphide from Low Temperature Coke 
in an Hydrogenous Atmosphere at Various Temperatures.... 201 
Evolution of Hydrogen Sulphide from Gas Coke in an Hydrog- 


enous Atmosphere at Various Temperatures................. 202 
Evolution of Hydrogen Sulphide from High Temperature Coke 

in an Atmosphere of Hydrogen and Steam................... 204 
Warpocoale primary. Retorta nd ccs. ae hein notes sae ieee 210 
CarbocoaleSecondary, Retort... ess. ns ceca cok aae cde ae 212 
Mein tirevbrimary Retorus. ccacecin sana cco eaaaetree eae sea 216 
Davidson Modification of Coalite Retort.................0000- 218 
HTOCIMANVEVCLOLE saison ata. iotemtlee Sowa water Neem ary ee els 221 
Fuel Research Board Horizontal Retort..................2000: 224 
Fuel Research Board Vertical Retort.................0000e000 228 
PUISLOMPIVETOEG Mirae eye cutens ceri se aren fro @ tan rsietenc a cielee eotelClee eee eee 230 
Greene-laucks: Retortss:-iiateo...ceces daseone lee cee ener 234 
EST wreOEVOUOL Uae mieten siahste siete a cro Phe lh ons acta Sistah aites, LOWS oie eroReenns conte 236 
IMaclaurinehevortincs sittiis cesses woes baterah mei ae etic tena 238 
IVI GEAW Clog CHE POCESSmaisiss-c rere one pi larrrsloe are mieloraier Gore storie ener 241 
INiel Sen sP TO CESS eater aheeiews, ck Oak oe soca cure taltaale Ge cret orm 244 
Piron-Caracristi Retort....... PERTH Wise ON Tg ye 248 
SUPCIMCIAVATIS, EOTOPb scr cs wascle ae cous huis eaiereie ete cule Mat eters 249 
PROZET EVEL OND teperess tres cece eet Sra eats wee o cenel ne ee foate sbetiersPobclegemetetre 251 
Thermal Conductivity of Refractories as a Function of Temper- 

EY AU IRS Sh. ons Sioa en RA CARA EERE IS MEE NCI RE Ie kde mites £ 276 
Thermal Diffusivity of Refractories as a Function of Temper- 

RUB LITIO GP. eehe Te aie nape a oats SUNT lore Sieriiesk eit ant ae ete See cer eee 277 
Mean Specific Heat of Refractory and Ferrous Materials as a 

iBunction of Mem peravure, ccc. ek oaed scale sear. eee amen ciniae 278 


Linear Expansion of Refractories as a Function of Temperature.. 280 
Tensile Strength of Malleable Iron, Semi-Steel, and Cast-Iron 
asa unction Of, Memperagtures <cnwaccwincrei. nce teil ole de cue 286 
Growth of Cast-Iron as a Function of Temperature and Number 
Ole tlon tings ert seme oi atone tie icaks wibatiarie mec ni eae 290 
Tensile Strength of Carbon and Alloy Steels as a Function of 
MOMIOOUALUTE Me reicier-tckciales talsisuarels Sines oss sls ce eininre was aes UM aces siscaterets 294 
Linear Expansion of Ferrous Metals as a Function of Temper- 


CHAPTER I 
FUNDAMENTALS 


Historical. The low temperature carbonization of coal can lay 
claim to four distinct lines of descent from closely related fields of 
industry and research. A thorough understanding of its technology, 
therefore, requires a knowledge of the manufacture of coke and coal 
gas, of by-product recovery, and of complete gasification. Con- 
sequently, a brief review of the history and circumstances surround- 
ing the origin and development of the various purposes for the 
processing of coal will be both interesting and helpful. 

Even though the perpetual fires sacred among the superstitions of 
paganism were doubtlessly natural gases issuing from fissures in the 
earth in the vicinity of petroleum deposits and asphalt beds, there 
seems to be no published account of an investigation of the properties 
of combustible gases before 1658. In that year Shirley (1) com- 
municated to the Royal Society an account of his investigation of a 
combustible gas issuing from a marsh in the vicinity of a coal mine 
near Wigan, in Laneashire. This same site was revisited by Clayton 
(2), Dean of Kildare, in 1739. Upon damming the water and digging 
beneath the creek bed, he discovered a coal deposit and, according 
to his account, he distilled some of the coal in a retort over an open 
fire, obtaining a black oil and non-condensible “spirit which catched 
fire at the flame of a candle.” Although Van Helmont of Brussels 
had proposed the name of GAS in 1662, it is interesting to note that 
it had not come into general usage half a century later. Van Helmont 
writes in Latin, according to Richards (3), of his experiments in 
retorting charcoal and, referring to the gaseous distillate, he says, 
“This spirit . . . . I call by the name of Gas.” 

Hales, in his ‘Vegetable Staticks,”’ published in 1726, records 
the first destructive distillation of coal. He states that upon dis- 
tilling 158 grains of Newcastle coal, he obtained 180 cubic inches of 
air (gas), weighing 51 grains. Six years prior to Clayton’s visit to 
Wigan, Lowther (4) communicated to the Royal Society that the 
damp air issuing from a coal mine near Whitchaven could be ignited 
and would burn. Bladders were filled with the gas and carried 
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away, afterwards being i through a small pipe inserted in the 
ladder, according to his repe 
Even though it is sid by Molinari (&) that the Chinese employed 
petroleum vapor, distributed through wooden pipes for Rghting pur 
poses, as early as 900 AD. it is remarkable that over half a century 


=> 


elapsed from 1733 until 1792 before any actual application was made 
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(Taken from an old wood-cut in Parkes’ “Chemical Caiechism”™) 


of combustible gases envolved through the destructive distillation 
of coal. The credit for practical application of eaal gas to artificial 
illumination is due Murdock, according to Clegg ©). The date of 
his Initial experiments is unknown, but in 1792 we find him manw- 
facturing coal gas with which he illuminated his premises and offices 


at Redruth, in Cornwall. The first use of gas lighting as a commer- 
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gia] and economic substitute for lamps and candles was six years 
later when Murdock installed an apparatus in a factory at Soho. 

: An old wood-cut, taken from “Parkes’ Chemical Catechism” 
Zz published in 1810 and reproduced in Fig. 1, illustrates the state of 
the art at that time. It shows the approved experimental apparatus 

fox the destructive distillation of cal as used in lectures to arouse 
o _ popular interest. In 1807 a few street lamps were illuminated with 
a) gas in Pall Mall, London, but the public in general and even men 

of science were decidedly prejudiced against gas lighting. In fact, 
it is said that Davy considered the project ridiculous and inquired 
Of one of its advocates if he proposed to take the dome of St. Paul’s for 
_ +4 gasometer, to which the gentlemen, Clegg, replied that he hoped 


realized many times over. 

While iron is known to have been extracted as early as 4000 B.C. 
and woke was an article of commerce among the Chinese before 100 
BC., the latter was not used in the metallurgy of iron until 1619, 
when it was introduced by Dudley. The following year in England, 
 &t. John was granted a patent for the first beehive oven. Aside 
_ + among certain European arts during the middle ages, the use of 
| woke as a fuel may be said to date from the introduction of the blast 
furnace in the smelting of iron. ; 
_ The memoirs of Becher in the end of the 17th century contain the 
_ earliest reference to coal as a source of by-products, according to 
_ Thorpe (7), and it is recorded by Wagner (8) that he received a 
__ patent in 1700 for an oven which permitted the reeovery of tar in the 
coking of coal He reported having found 2 method of treating 
_ coal, “so that it no longer smoakes nor stinks” and at the same time 
_ obtaining a tar equal to the Swedish. Stahl is said to have been the 


dating il ner thee iy i ICM PAE RE i 
_ Dundonald was aware of carbonization in closed retorts at that date. 
In 1825 Faraday discovered benzene and twenty-two years later 
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Mansfield (9) isolated it from coal tar. Runge (10) had isolated 
analine from coal tar by 1834, but the real stimulus to the by-product 
coke industry did not come until 1856 when Perkin (11), a lad of 
eighteen years, discovered the first analine dye, mauve or analine 
purple, while attempting the synthetic preparation of quinine. On 
August 26 of the same year Perkin (12) received a patent and within a 
year the youthful chemist had built and placed in successful commer- 
cial operation a factory for producing the new dye from coal tar, 
without ever having seen inside of a chemical plant of any kind. 

The great chemist Lavoisier discovered in 1793 that, when steam 
is passed over incandescent carbon, the reaction produces carbon 
monoxide and hydrogen, two combustible gases. This furnished the 
principle by which a cheap industrial gas could be made from coke 
or coal. The first gas producer, constructed as such, seems to have 
been made by Bischof in Germany in 1839, according to Rambush 
(13). He was followed closely by Ebelmen in France the following 
year. From an industrial standpoint, the development of gas 
producers dates from the patent granted the brothers Siemens in 
1861 for a combined producer and regenerative furnace. Mond 
showed twenty-eight years later that the by-products of producer 
plants could be recovered and made to render valuable service to the 
chemical and agricultural industries. This gave a decided stimulus 

-to the producer gas industry. 

Goethe in the episodes of his life “Dichtung und Wahrheit” 
describes his visit in 1741 to a burning hillside near Dutweiler, a 
village in the Palatinate, where he met Stauf, a coal philosopher, 
engaged in collecting the tar and oils obtained in the distillation of 
coal in crude ovens. How little did Goethe suspect that the black 
evil-smelling liquors of Stauf would some day be made to yield the 
richest and most vivid of colors, the sweetest of flavors, and the most 
fragrant of perfumes! 

Solid Fuels. Solid fuels can, in general, be classified into three 
distinct classes, the cellulosic fuels, the sedimentary fuels, and the 
residuary fuels. The cellulosic fuels, of which wood is the most im- 
portant member, have little value in modern industry because of their 
comparatively low heating quality and their cost. The sedimentary 
fuels consist of peat, lignite, and the two general grades of coal, 
bituminous and anthracite. They were, of course, originally cellulose- 
rich vegetation which was transformed during the geologic ages into 
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the black, brittle, compact substance which we find in the earth’s 
crust today. They form the most important source of power which 
civilization has been able to master, either in their mineral or retorted 
state. The residuary fuels are obtained by heating the cellulosic 
and sedimentary fuels out of contact with air, forming charcoal and 
coke, respectively. They are distinguished by their high carbon and 
low volatile contents. 

Outside of this classification, there remain those solid materials 
which contribute indirectly to our fuel resources, such as the shales, 
which are not directly combustible, and synthetic compounds, 
representing the stored energy obtained from other sources of power, 
such as carbides. While the oil derived from shale and the acetylene 
obtained from carbide have local and special application, it must be 
stated that as a great source of energy they have not reached a 
position of primary importance. However, the vast deposits of 
shale constitute a great potential source of oil whose economic value 
will increase with the exhaustion of the petroleum resources. 

The utilization of solid fuels follows three different methods: first, 
direct combustion; second, destructive distillation with simultaneous 
coking; and, third, complete gasification. Direct combustion is by 
far the simplest, oldest, and most extensively used. It consists in the 
burning of the raw carbonaceous material in the furnace in lump, 
powdered, or briquetted form. The residuum consists wholly of ash: 
and clinker, devoid of all combustible. 

When fuel, rich in hydrocarbons, is distilled in closed retorts with- 
out the introduction of air, it is separated into the solid, liquid, and 
gaseous phases; in other words, into coke, tar, and gas. The coking 
of coal resolves itself into various methods, depending upon the dis- 
position to be made of the products. The primary object in central 
or municipal gasworks is to produce a good grade of gas for domestic 
illumination and heating. Coke is a by-product in this process. 
Industrial coke ovens strive for a high quality of metallurigical coke. 
Tar and gas are by-products of this method. The low temperature 
distillation of coal aims at a compromise between these two systems 
and seeks to obtain a coke suitable as a smokeless fuel for industrial 
and domestic consumption with the simultaneous production and 
recovery of tar, its derivatives, and of high thermal value gas. Which 
of the products is of paramount importance depends on the coal, 
the process, and the economics of the case. 
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As distinguished from carbonization, complete gasification intends 
to convert the coal entirely into gaseous and liquid combustible 
matter, leaving only ash asaresiduum. To this end, three means are 
resorted to: first, gasification by air; second, gasification by water; 
and, third, gasification by both air and water. The air producer 
method is based upon the incomplete combustion of carbon to carbon 
monoxide, only sufficient air being admitted to maintain a temper- 
ature at which the reaction can take place. Gasification by water is 
an intermittent process. Air is first introduced to raise the car- 
bonaceous material to incandescence through the heat liberated in 
the complete combustion of carbon. After the air is shut off, steam 
is introduced to disintegrate and form a mixture of carbon monoxide 
and hydrogen. The production of semi-water gas combines these two 
principles and simultaneously introduces air and steam to the 
combustion chamber. Recent progress has been made in the use of 
pure oxygen mixed with steam to effect the continuous generation of 
semi-water gas. 

Origin of Coal. At this point a brief review of the origin and 
constitution of coal is pertinent as preliminary to a study of the 
chemical process underlying carbonization. Today it is well estab- 
lished that the carbonaceous deposits, ranging from peat to anthra- 
cite, represent progressive changes which have taken place in the 
structure of decayed vegetable matter. Unquestionable evidence is 
furnished by fossil remains that among the early geologic ages, 
millions of years ago, the dead vegetation, which was so abundant 
at that time, accumulated in damp lowlands and bogs. There, 
with the exclusion of air by the water, a slow process of disintegration 
took place. The vegetable tissue, consisting mainly of cellulose, 
decomposed with the liberation of the oxides of carbon, marsh gas, 
and water, to form the material known as peat. As the bottom lands 
sank below the surface of the water and sedimentary deposits built 
up, a pressure developed which rendered the peat deposits more 
compact and consolidated, thus forming the lignites and sub-bitumi- 
nous coals. The internal forces of the earth became active at that 
stage and the sedimentary rocks above and below the lignite deposits 
were violently thrown into folds, developing additional pressure with 
the generation of heat. The result of this upheaval and folding was 
the further consolidation of the mass and its transformation into 
bituminous coal. The remaining metamorphosis into anthracite is 
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said to have been brought about by further excessive pressure and 
by the cracking of the rock folds to permit the escape of entrapped 
hydrocarbons, evolved from the carbonaceous material. 

The chemical representation of the resultant transformation is as 
follows, according to Heinrich and Ries (14): 


5 CeHi00s — 6 CO, + CO + 3 CH, +8H.,0 + C2oH 2204 [1] 
Cellulose Lignite 

6 CsH10; — 8 CO, + CO + 5 CH, + 10 H.0 + CHO [2] 
Cellulose Bituminous 

7 CeH1wO;s — 8 CO. + 4 CH, + 19 H:O + CsoH1,.0 [3] 
Cellulose Semi-bituminous 


Whatever the physical circumstances bringing about the vegetable 
transformation, or whatever the intermediate stages of the meta- 
morphism, these equations give the initial and final stages in the 
transition. 

The age of the coals of the United States ranges from the Car- 
boniferous to the Tertiary epochs. In general, the Carboniferous 
coals occur east of the 100th meridian, the Cretaceous coals from the 
100th to the 115th meridian, and the Tertiary coals between the 
120th meridian and the Pacific Ocean. An exception to this geologic 
distribution is a large area of Tertiary lignites in the Gulf States and a 
small area of Trianic coals in Virginia and North Carolina. 

Constitution of Coal. The constitution of coals found in the 
United States, determined by their proximate analyses as given by 
Parr (15), are shown in Table 1. These data are compiled from 
chemical determinations on a number of different samples and 
represent the average distribution of the constituents. The changes 
in the constitution of coal which take place with its geologic aging 
can be seen clearly. The moisture content of the fuel reaches its 
maximum in the peats and decreases to a low percentage in semi- 
anthracite. The volatile matter rises to a maximum in sub-bitumi- 
nous coals and then varies inversely with the aging. On the other 
hand, the fixed carbon is almost directly proportional to the density 
of the coal. The ash remains about constant, but the heating value 
of the coal increases with the consolidation of the fuel, except for a 
slight decrease among the hard coals. 
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Table 2 gives the ultimate analyses of these fuels, showing their 
elementary constituents, as compiled by the author from numerous 
samples. The deoxygenation, occurring in the aging process, is quite 
apparent, but the dehydrogenation is not as rapid, although present. 
The percentage of nitrogen and sulphur seems to have no general 
relation to the antiquity of the fuel. 

The ash referred to in the proximate analyses consists of a number 
of fused oxides, principally silica and lime. Representative analyses 


TABLE 1 
Proximate analyses of United States coal types 


PER CENT PER CENT B.T.U. 
a moumuaa | (rere | grouse 1) eh ae 
Pe adigisceok ca Hed ade aS 78.7 ‘11.9 5.7 3.4 1,798 
ES oa ob hse geneenns aie oreaey Gre ere oa 37.1 26.9 26.9 9.2 6,500 
Sub-bituminous............. 10.2 35.2 45.1 9.5 11,603 
SV GT AEIMOUS erent. cons eel tuctta 2.9 34.3 55.6 7.4 13, 630 
Semi-bituminous............ 2.6 18.9 72.1 6.5 14,246 
Amthracite se ee esi eae els 4.2 4.5 79.0 12.3 12,485 
TABLE 2 
Ultimate analyses of United States coal types 
FUEL PER CENT PER CENT PER CENT PER CENT PBR CENT 
CARBON HYDROGEN OXYGEN NITROGEN | SULPHUR 
ECE Reanesor oh raen tein tire Tene CLAM 56.6 5.7 32.9 2.00 1.30 
BLOM bE seca ctone weneie ec tates 62.1 5.5 26.3 1.35 2.02 
Sub-bituminous....22.0..5.. 66.6 5.4 23.6 1.09 1.03 
BUGUMTO US! reece nels eee 79.1 5.2 11.6 1.56 1.12 
Semi-bituminous............ 86.2 4.8 5.2 1.02 1.12 
AMLITACIe cual anncse ly iin 88.9 2.9 3.4 0.99 0.69 


of the ash of various coals, as compiled by the author, are given in 
Table 3. Examination of this table discloses that the silica content 
increases quite regularly from peat to anthracite. The alumina 
increases also, but in a less orderly manner. The oxides of iron and 
calcium progressively decrease towards the harder coals. No 
generalizations can be drawn concerning the other oxides found in the 
ash, as they are largely dependent on the general geologic and 
mineralogic structure in the immediate locality of the mines. The 
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oxides of magnesium, and of manganese, and the acid anhydrides of 
phosphorous and of sulphur compose the remaining part of the ash. 
The melting point of the ash is well above 1100°C. The usual 
practice of washing the coal before carbonization can, of course, be 
resorted to for the purpose of reducing the ash content of the coke. 
When coke is used as a fuel for domestic and industrial purposes, the 
formation of clinker on the grates should not be more of a nuisance 
than is ordinarily experienced with coal. If the coke is completely 
gasified and sold to the community for lighting and heating purposes, 
care must be taken to reduce the phosphorous and sulphur contents 
of the gas to a minimum, in order to prevent injury both to the con- 
sumers and to their property. It is not unlikely that the oxides 
present in the coal ash exert a catalytic effect in the decomposition 
of the hydrocarbons, as pointed out by Lessing (16) and as discussed 
later in this book. 

Destructive Distillation. Four general constituents of coal can be 
distinguished; the carbon residuum, the humous bodies, the resinous 
bodies, and the hydrocarbons. The last three undergo thermal 
decomposition with the formation of solid, liquid, and gaseous 
products, according to a table prepared by Lewes (17), while the first 
contains principally carbon and ash. 


Constituents of coal Decomposition products 
Solid Liquid Gaseous 
Humous bodies —— Carbon Water Carbon oxides 


‘Thin tar Methane 


Resinous bodies ——> Carbon Water Carbon oxides 
Pitch Rich tar Ethylene 
Unsaturated 
hydrocarbons 
Hydrocarbons —— Carbon Heavy tar Methane 
Pitch Ethane 
Homologues 


Carbon residuum —— Unaffected by heat 


It appears that Dundoroff (18) first extracted resin from coal by the 
use of chloroform and other solvents. He found that these resins 
have a low melting point in the vicinity of 40°C. to 80°C., and that 
they begin to decompose at 100°C. to 140°C. The resinous bodies, 
which are soft in structure and dark brown in color, appear in the 
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coal as slender rods. Chemical analysis shows then to contain 75 
per cent to 85 per cent carbon; 8 per cent to 10 per cent hydrogen; 
5 per cent to 12 per cent oxygen; about 3 per cent nitrogen; and about 
1.5 per cent sulphur. 

Many of the volatile hydrocarbons of bituminous coal are decom- 
position products of the resinous and humous constituents and the 
characteristic cell structure of coke owes its existence to the melting — 
and disintegration of these bodies. It will be noted from Table 4 


TABLE 3 : 
Analyses of ash of United States coal types 


FUEL SiOz AlLOs Fe20s CaO Poise 
per cent per cent per cent per cent per cent 
Peete) cal Sito ee aromeaee 25.5 ya) 18.7 24.0 | 26.0 
ibivigivlifsaatas mae mann GSon on < 30.1 1375 1 ey 35.6 9.1 
BiHUIMINOUB et ene cece wiper 34.3 14.5 22.9 14.9 13.4 
AMIENTACILC Asse cee ten eee 45.6 42.8 9.4 1.4 1.0 
TABLE 4 


Proximate analyses of resin and humus 


CONSTITUENT RESIN HUMUS 
per cent per cent 
IMOISEUUTEC se econ ten ee ce ulacna pera he Siero ea aes 0.68- 0.70 2.57— 2.62 
Volatile matters ccc 0 ay-isme cele ceteris 98 .00-97 .94 51.68-51 .74 
Mixed Carbo. Gea. cues ere Seat see el ees 0.80- 0.82 44 73-44 .60 


ASIN Sferstclove § ciovcsale oss isle (cs mle baie yeteysransisTorevaie rake see 0.52- 0.54 1.02- 1.04 


that the humus differs from the resin mainly in the fixed carbon 
content. 

In their researches on the low temperature carbonization of coal, 
Burgess and Wheeler (19) observed three significant facts. First, 
that for all coals there is a well defined point, between 700°C. and 
800°C., where the evolution of hydrogen increases rapidly, thereby 
indicating decomposition. Second, that the evolution of paraffin 
hydrocarbons takes place below 700°C. and ceases above that tem- 
perature. And, third, that ethane, propane, butane, and other 
members of the series form a large part of the gas below 450°C. They 
concluded from these facts that coal was composed mainly of two 
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substances, the first or more unstable of which yields paraffin hydro- 
carbons and no hydrogen, and the second of which becomes unstable 
at 700°C. to 800°C., yielding hydrogen as its chief decomposition 
product. The first of these substances has been called by Clark and 
Wheeler (20) the resinic and the second the cellulosic constituent of 
the coal. 

According to many authorities, low temperature tars are easy to 
distill, and, therefore, require less fuel than the tars from high tem- 
perature processes. Care must be taken in the distillation procedure, 
however, because of the large amount of light oil present. For this 
reason refrigerating equipment is sometimes provided in conjunction 
with the cooling apparatus to insure complete condensation. Dis- 
tillation must be slow on account of the large quantities of tar acids 
present; otherwise, frothing will be severe and subsequent separation 
of by-products will be rendered difficult. The cresols emulsify with 
the water and cause frequent trouble. Agitators have been found 
to decrease the time of distillation and the use of superheated steam 
toward the end of the process is generally recommended to secure a 
good yield of heavy oil. In the distillation of coal, dissociation is 
much more pronounced. at higher temperatures. Furthermore, 
carbon deposited from the decomposition exerts a reducing effect on 
the saturated hydrocarbons of the paraffin series that are present and 
results in the production of higher-boiling hydrocarbons. 

When highly oxygenated coals, having in the neighborhood of 
15 per cent oxygen, are used, the condensed water, driven off in 
distillation up to 450°C., contains much more acid than that from 
coals of relatively low oxygen content. The hydrocarbons do not 
appear in highly oxygenated coals until 290°C., instead of 240°C. 
The acidity of the distillate is due to acetic compounds, liberated at 
low temperatures and originating from the ligneous or cellulosic 
content of high oxygen coals. Carbon dioxide is also evolved more 
voluminously than from the more resinous coals. ’ 

When carbonized at low temperatures, some fuels produce a char 
instead of a true coke. This char, however, can be converted often 
into coke by subsequent treatment. It is often friable, lacking in the 
characteristic coke cell structure and is free burning. In some cases 
the char is briquetted for fuel, but the pitch, ordinarily used as a 
binder, causes a good deal of smoke and thus defeats one of the 
purposes of low temperature carbonization. Further treatment by 
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heat eliminates this difficulty. On the other hand, some fuels, when 
carbonized at low temperatures in certain retorts, yield a strong 
dense semi-coke. The character of the carbonaceous residuum, 
indeed, depends as much upon the process of carbonization as upon 
the raw coal. 

Coal is such a heterogeneous substance and its behavior so peculiar 
and complicated that it is almost impossible to make generalizations. 
Not only are the products in each instance peculiar to the particular 
coal treated, but they depend upon the numerous physical and 
chemical circumstances surrounding the distillation. Such diverse 
factors as temperature gradient, thickness of the charge, pressure, and 
rate of carbonization, all have a direct bearing on the quantity of 
gas, tar, and coke that is obtained, as well as upon their quality and 
constitution. 

Withdrawal of the products immediately after formation is desir- 
able from the physical as well as the chemical standpoints. In the 
first case it means the saving of heat, because any excess heat ab- 
sorbed by the gases is usually lost in cooling. A low temperature of 
evolution throws less work on the condensing plant, thereby increas- 
ing the overall efficiency, as well as decreasing the time of carboniza- 
tion. From a chemical standpoint, it prevents cracking, which 
causes a deposition of carbon and an increase of gas yielded at the 
expense of the light oil and tar. 

Low Temperature Carbonization. One of the most discussed 
factors in the destructive distillation of fuels has been the temperature 
of carbonization. When coal was first coked for illuminating gas 
over a century ago, this topic was as much in discussion as today. 
The early engineers recognized to some extent the value of low tem- 
perature processes, but as the production of gas was of primary 
importance to them, they resorted to the practice which gave the 
greatest yield and so adopted the high temperature method ex- 
clusively. The knowledge which has been gained concerning dis- 
tillation products, added to changing economic conditions, has given 
a new incentive to the carbonization of coal at low temperatures; 
and so again the discussion of thermal conditions has been brought 
forward, accompanied by its misunderstandings and its controversies. 

The matter of thermal definition of the low temperature carboniza- 
tion process is in considerable disagreement among the authorities. 
Parr and Layng (21) define it as below 750°C. to 800°C., while Bone 


FUNDAMENTALS 13 


(22) considers it not beyond 550°C. to 600°C., and Gluud (23) fixed 
the range as 500°C. to 600°C. This disagreement may be under- 
stood by an examination of the coals considered and the particular 
type of product desired by each authority. Thus, Parr and his 
co-workers used Illinois coal and wished to secure a smokeless fuel for 
domestic use; Bone was interested in British coals; and Gluud was 
considering the production of primary tar, consisting chiefly of 
paraffins and tar acids, which would have decomposed at the higher 
temperatures of other experimenters. The higher the temperature, 
the better the grade of coke and poorer the grade of tar, if primary 
tar, that is, tar with a small percentage of free carbon, is desired. 
It may be seen, therefore, that the temperature range depends upon 
the quality of products desired, as well as upon the method of proc- 
essing. At most, it remains a balance between a good metallurgical 
coke and poor tar or a good tar and poor metallurgical coke. 

By way of scientific definition, low temperature carbonization, as 
hereafter used, is taken to mean the destructive distillation of coal 
at or below the cracking temperature of the hydrocarbons in primary 
tar. This temperature is, of course, a function of the physical condi- 
tions of retorting, thus, for example, in vacuum distillation it may 
not exceed 450°C., and in case of pressure distillation may run 
beyond 1000°C. under peculiar circumstances. It will vary in 
practice with the quality of the coal and with the economic balance in 
grade of products that is determined by local conditions. For the 
most part, however, under atmospheric pressure and for average 
coals, 750°C. may be taken as the upper limit of low temperature 
carbonization. Gentry (24) has advocated this definition of low 
temperature carbonization as the only adequate and the most 
scientific one that has been proposed. 

From an economic standpoint, the known losses in the present 
method of utilization of fuel fall under two categories: smoke, arising 
through incomplete combustion and forming not only a civic nuisance 
but a real fuel waste; and loss of valuable by-products through lack of 
proper recovery methods. It may be said that low temperature 
carbonization has for its purpose the abatement of the smoke nuisance 
on the one hand and the increase in over-all efficiency of fuel utiliza- 
tion on the other hand. It does not mean conservation of natural 
resources, but the increased consumption of one economic good to 


obtain another. 
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The modus operandi is made clear when it is pointed out that 
certain hydrocarbons which are present in coal break down into their 
constituents, or crack, during the ordinary process of combustion. 
Elementary carbon is thus deposited in a finely divided state and 
carried through the stack before it has had an opportunity to burn. 
It is plain that if these hydrocarbons are removed from the fuel by 
preliminary treatment, smoke can be eliminated almost entirely. 
Incidental to this operation is the question of what disposition is to 
be made of the hydrocarbons thus removed and which in themselves 
represent a pecuniary value. The answer to this is found in the 
fractional distillation of the tar to retrieve its valuable constituents for 
industrial use. Some of the products can be used as petroleum 
substitutes, commercial solvents, and as fertilizers. The coke ob- 
tained in this primary distillation will be characterized by the 
absence of smoke in its combustion, it will have a reasonably low 
ignition temperature, and it may be handled in the raw, briquetted, 
pulverized, or gasified form. 

Quite naturally the history of low temperature carbonization is 
closely associated with that of coal gas. One of the first to recognize 
that a maximum yield of oil is obtained at low temperatures was 
Perkins (25), who secured a patent in 1853 for extracting the oil from 
shales and other carbonaceous materials by distillation at a low 
temperature. The following year, Sparr (26) suggested the coking 
of coal for oil, rather than for gas, under the conditions of a high 
vacuum. In 1880 Scott-Moncrieff (27) proposed to free the atmos- 
phere from smoke by partially coking the coal in high temperature 
retorts before combustion. Investigation, however, proved that 
only the outer layers of coal had been partially coked when removed 
from the retorts and the core remained as raw coal. Ten years 
later Parker (28), the inventor of the Coalite process, secured a 
patent for the production of a smokeless fuel by distillation with 
superheated inert gases, such as steam, water gas, or coal gas, at 
600°C. to 650°C. Later, Parker (29) obtained patents for heating 
coal in the presence of steam below 450°C. These formed the 
basis upon which he developed his Coalite process, which will be 
discussed in Chapter VI. 

In the United States, experiments had meanwhile been carried on 
from as early as 1902 at the University of Illinois. An announcement 
of the results was made in 1908 and further results were reported in 
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1912 by Parr (80) (81) and his various co-workers. While some of 
the earliest research on this subject was made in the United States, 
it has been extended, until recently, mostly by countries with limited 
or no petroleum resources and which recognized that their coal 
deposits could be made to yield a liquid fuel which would be of 
national importance. The World War gave a great impetus to 
research in this field, particularly in England and Germany. The 
British Board of Fuel Research was established in 1917 to promote 
fuel economy and to coérdinate fuel research. To that end, it has 
contributed a great deal of work to the carbonization of coal. The 
Kaiser Wilhelm Institute has performed a similar service in Germany. 

Chemistry. In addition to a relatively small proportion of pyridine 
bases, low temperature tar contains, in general, two types of com- 
pounds: chemically neutral hydrocarbons, forming a mixture re- 
sembling paraffin base crude petroleum; and acidic hydrocarbons, 
having one or more phenolic hydroxyl groups. The former consist 
principally of alliphatics with a certain proportion of naphthalene 
derivatives and aromatic compounds with extensive side chains. 
The proportion of acidic compounds in the primary tar depends, 
among other things, upon the oxygen content of the raw coal. 
Research at the Kaiser Wilhelm Institute fiir Kohlenforschung 
has disclosed that a coal, containing 3.0 per cent oxygen, yields a 
tar, containing neutral hydrocarbons five or six times in excess of 
the acidic hydrocarbons present, whereas a coal, containing 7.5 per 
cent oxygen, produces a tar composed of approximately equal pro- 
portions of neutral and acidic compounds. 

The benzol ordinarily extracted from high temperature tar consists 
of a mixture of compounds of the aromatic hydrocarbon series, whose 
general formula is CaHen-s and whose chief member is benzene, 
CeHe, although toluene, C7Hs, and xylene, CsHio, are always present 
in quantities. Benzene and the other members of the cyclic hdyro- 
carbons are not present as such within the coal, but they are derived 
through decomposition of other hydrocarbons by cracking during 
distillation. This is demonstrated by the fact that the primary tar, 
obtained when coal is distilled at low temperatures, contains no 
benzol in the ordinary meaning of the term. The word benzol is 
frequently employed, however, when referring to that fraction of 
low temperature tar, or to the light oil extracted by scrubbing the 
low temperature gas, which is suitable as a motor fuel and should 
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more properly be designated as light oil or motor spirit. On the 
other hand, it has been pretty well established that the alliphatic 
hydrocarbons, belonging to the general formula C,Hen+2 are present 
as such within the coal. The formation of aromatic compounds 
from those of the paraffin series can be explained (82) by the fact 
that the higher paraffin hydrocarbons within the coal are broken 
into the lower members of the series and into olefines of the general 
formula C,Ho,. Further heating will split the olefines into methane, 
CHy, and acetylene, CH, which latter is a member of the series 
CraHon—». Acetylene, C2H», is a polymer of benzene, CsHe, and the 
latter can be formed by polymerization of the acetylene molecule. 

The specific mechanism of the transformation from methane to 
anthracene has been outlined by Bertholet as follows, according to 
Audibert and Raineau (33): 


2CH, aaa C2He + 3H, [4] 
2C2H. am 2CH, + C,H. + He [5] 
2C.H, => CoH. + C.H, [6] 


which are the pyrogenic reactions entering into the first stage of the 
transformation. ‘The second stage of the transformation is repre- 
sented by the equations: 


3C2H, > CrHe [7] 

CeHe + CoH, > CsH8 [8] 
CsHe + 2C2H2 > CioHs + He [9] 
2C«6He + CoH, > CysHio + 2H [10] 


which are all pure polymerising reactions. 

Schiltz and Buschmann (34) in an examination of products, 
obtained from the Fellner-Ziegler process, found nearly a hundred 
different chemical compounds in the low temperature light oil, 
whose boiling point ranged from 30°C. to 200°C.; in the pressure 
condensed liquids below 30°C.; and in the residual gas. Schiiltz and 
Buschmann (35) reported, in addition to water, hydrogen, and 
nitrogen, twenty hydrocarbons of the paraffin series; nine hydro- 
carbons of the olefine series, representing each of the diolefines with 
chain and cyclic structures; twenty aromatic hydrocarbons, com- 
prising eight of the benzene series, four of the naphthalene series, 
six representatives of the indenes and hydrindenes, and two repre- 
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sentatives of the more highly condensed aromatics. Only three 
compounds of the hydro-aromatic series derived from perhydro- 
naphthalene were identified. Four series of organic oxygenated 
compounds, consisting of aldehydes, ketones, phenols, and cumarones, 
were found. Phenols were represented by eight simple aromatic 
phenols, one bivalent phenol and one naphthol. Among the other 
oxygenated compounds, only two aldehydes, four ketones, and one 
cumarone were determined. Five sulphur compounds were identi- 
fied, while the nitrogen derivatives were represented by five pyridine 
bases, two quinoline bases, one aromatic primary amine, and two 
aliphatic nitrates, including hydrocyanic acid. From — 250°C. to 
0°C. there were about twelve substances which comprised some 6 


TABLE 5 
Quantitative determination of low temperature tar 


PER CENT OF PER CENT OF 


COMPOUND FRACTION COAL 


Carbon disulphide (CS) ‘ 0.0001 
PGE bomen (@atreO) mene cite sceiclee aialesl miele nee : 0.0077 
BENZENE A CGgklig) <c-aieheis sie, 2:0 » seas 4 Gicie.eis oles Gis 00's .0-5. 0.04-0.06 
Motag iesttid xylOl- cree occ s cate sails oe lejetalsiele re 0.20-0.25 
re mole CG all g@))icai. cee ais averave desi terel she aloietanere's : 0.06-0.08 
/Svabilibetey (OAS IAND laters a apse Mun ERIC ee ace 4 0.0004 
HeVEVCINE) DASES Us cents ois /-ncoce care a gskaler sales eet e's ; 0.009 
Paraffin hydrocarbons.............cceeseecies 0.20-0 .25 
Olefine hydrocarbons... 2.66... esse ccc e ces 0.15-0.20 


per cent by weight of the coal, whereas from 0°C. to 200°C. there 
were more than fifty chemical compounds whose total quantity was 
only about one-fifth of this. Table 5, after Schiiltz and Buschmann 
(35), gives a quantitative determination of certain constituents 
identified in the tar fraction from 0°C. to 200°C. 

Fieldner (36) has examined and compared the unpurified volatile 
products obtained from the McIntire externally heated primary 
retort at Fairmont, W. Va., with the products of low temperature 
distillation educed from a Utah non-coking coal processed at two 
different temperatures in an externally heated retort and also in one 
heated internally with superheated steam. Table 6, after Fieldner 
(36), shows the make-up of the volatile products in the respective 
cases, 
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Gentry has compiled a list of chemical compounds which have 
been definitely identified in the volatile products of low temperature 
carbonization, as reported in the researches of a number of different 
authorities. This list in classified form is given in Table 7. Many 
additional compounds remain unidentified and a great deal of study 
will be required before their structure is definitely known. ‘This is 
especially true of the high boiling constituents, which are difficult to 
isolate without decomposition. Many of the compounds listed in 


TABLE 6 
Quantitative comparison of low temperature volatile products 


UTAH COAL; UTAH COAL} 
INTERNAL EXTERNAL 
HEATING HEATING 
MCINTIRE 
‘| Temperature of BEI 
CONSITRUSNT superheated |Temperatureof| PITTS 
steam entering retort wall BURGH 
retort COAL 


500°C. | 850°C. | 500°C. | 850°C. 


per cent) per cent| per cent| per cent| per cent 


Carbon dioxide (COz), (H2S), ete........ 22.3'|/ 18.1 | 16.7 | 8.6). 8.8 
INitrogeTy (Nig) o/s) eecale aie ole elena arate Sonera 1.2| 0.6] 0.0] 0.9 1.5 
Obscure inns) x asst Calne alee lepern a ees 0.2} 0.2] 0.0] 0.0 0.0 
Py drome (ia arene vicniane seen Mo. emia 3.2 | 21.9 | 14.5 | 55.7 | 23.4 
Carbon:monoxide (CO) 400 oo eee eee 9.8} 10.0} 8.8 | 14.9 4.7 
Methanes(@H ayer, esi teu aee ce Mie 35.7 | 38.5 | 45.0 | 15.0 | 46.3 
Bithylene (Cola) aye Sacco aay ee QF VAS Leo AO 1.6 
iuthamex(Cokle aac sen nora ee leaeeee 10.8 | 6.6: 7.6 | 15382)" 627 
Propylenen(@s bg) eres ae spate ceie crores 2.6) 1.65) 1.4] 0.58) 1.3 
Propanes(@zilig)s ein ace Moise duet cients 4.5 | 2.6). 3.2) 0.46) 2.0 
Butylene (Cibbay veya shicateca testes 2.0} 0.96) 1.2] 0.37) 0.65 
Bubane ight) oem acc ete me iad cele 1.5] 0.61} 0.85} 0.17} 0.85 


the following table do not occur in all low temperature volatile 
products, a great deal, of course, depending on the coal and on the 
process of carbonization. Some of the compounds listed, such as 
benzene and phenol, although occasionally present, are found only in 
very small quantities in true primary products. 

A critical examination of Table 7 discloses the presence of a number 
of compounds involved in Bertholet’s mechanism for the transforma- 
tion from chain to cyclic hydrocarbons. That aromatic derivatives 


9 ee ae 
Soe See a 
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are decomposition products in coal carbonization becomes conclusive 
when a list of the volatile products, of high and low temperature 
distillation are compared. 

Coal Assay. A number of attempts have been made to devise a 
satisfactory method of coal assay for purposes of carbonization, 
notably by Burgess and Wheeler (57), who experimented with a 
closed silica tube, containing 2 gram samples which were heated 
at temperatures ranging from 400°C. to 1000°C., and by Les- 
sing (58), who advocated the insertation of a piston within 
the silica tube to compress the coal slightly. Gray and King 
(59) devised a standard apparatus for coal assay and conducted 
extensive experiments to determine its peculiarities and applicability 
in determining the yields to be expected from a given coal in full-scale 
operation. By correlating results obtained in the assay apparatus 
and those obtained in commercial retorts it has been possible to 
derive the necessary conversion factors for gas, tar, and coke. In 
cases where these factors have been determined by tests conducted 
by the Fuel Research Board, they will be reported hereafter under 
the discussion of each individual process. Other methods have been 
devised also by Fischer and Gluud (23), who used a small rotating 
cylinder, by Nielsen (61), by Layng and Hawthorne (62), and by 
Foxwell (63), all of whom used a method of internal heating. © 

Thermochemistry. In studying the thermochemistry of coal 
carbonization, it is necessary to bear in mind the distinction between 
gross and net heat values, that is, between the heat liberated, or 
absorbed, referred to liquid tar and water and that referred to gaseous 
volatile products. The net value is the only one of importance in 
practice. 

Coalis such a complex and heterogeneous substance that it is almost 
impossible to make a detailed analysis of the endothermic and 
exothermic reactions which occur during distillation. Asa matter of 
fact, both exothermic and endothermic reactions take place sim- 
ultaneously and only the net effect can be observed. 

At high temperatures, Mahler (64) found that the heat of com- 
bustion of coal was about 460 B.t.u. per pound less than that of all 
the products of carbonization, while EKuchéne (65), using a coal of 
the same analysis at lower temperatures, found an evolution of heat 
amounting to about 115 B.t.u. per pound. Constam and Kolbe (66) 
studied a number of British coals and found an absorption of heat 
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TABLE 7 


Chemical compounds identified in low temperature volatile products 


CONSTITUENT 


A. HyDROCARBONS: 


y Methyl butsne si. iin acca fmeeeen ja ctsse mietcrstevesaacaiere tials 


. 2-Methyl-2-3-pentane 
N-Hexane 


. Heptakosane 
. Octakosane 


Ti Rio 
24. Ethylene 
25. Propylene 
26. aB-Butylene 
27. By-Butylene 
28. aB-Pentene (amylene) 
III. Diolefines: 
29. Allene (propadiene) 
30. Divinyl (2-3-butadiene) 
31. Piperylene (pentadiene) 
32. Diallyl 
IV. Acetylenes: 
33. Acetylene. 
34. Allylene (methylacetylene) 
35. Crotonylene 
V. Naphthenes: 
36. Trimethylene. 
37. Tetramethylene 
38. Pentamethylene 
39. Hexamethylene (cyclohexane) 
VI. Benzene hydrocarbons: 
4 


SO ee ae ii 
Se i i i ey 
Se i i ii) 


48. 1-2-Dimethy]-4-isopropylbenzene. 
VII. Naphthalene hydrocarbons: 
49. Naphthalene................000¢ 
50. Decahydronaphthalene. 
51, a-Methylnaphthalene... 
52. 6-Methylnaphthalene. 
53. Acenaphthalene,...... 
54. 1-6-Dimethylnaphthalen 
55. Perhydroacenaphthalene 
56. Dodecahydrodiphenyl.. 
VIII. Wrens 


61. Dimethylindene....... 
62. Dimethylhydrindene 


Se ee ee a 
eee eee ee eee eee twee ease ese esse eeseee 
FeO e ee emer ee rere eeserereseeessnersere 


Pe i ie res 
ee ee a a 


a ee ee a 
Meee neem erence esac reeenee 
Se i i eee ee ad 


Peer ee ere teehee ewe ewer e ere net eeeseseses 


Se i a ee ad 


Beene meee meee rere ese ser esessseesseee 


A eee teeter ee ee een eerste eeseeenesee 


Se i ei ies 


SO a i i ii) 


FORMULA . 


CuHis 


CioHs 

CioHis 
CuHi0 
CuHio 
CrHs 

CrHie 
CrHis 
CeHy 


CoHs 

CoHio 
CioHio 
CioHie 
Cui 
CuHu 


AUTHORITY 


Many observers 
Many observers 
Many observers 
Many observers 
(87) nde 


(42) (43) 
(42) (3) 
(42) 

(42) (43) 


42) (45) 
(42) (45) 


e i) 
(42) (45) 
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TABLE 7—Concluded 


CONSTITUENT 


IX, WAterd hydrocarbons: 
63 Cyolopentadiones ics acc lewcd deme an cch oth le cents 
64, 1-2-3-Aethylxylol 
65. 1-Methyldekaline 
GOrabindeapnes che ke uecuaes cescotesints ules ease scare 
67. 1-6-Dimethyldikaline 
CS EARNED TACODO, eacndin ne. kor neta ee neil ne ees ie ea aoee 

B. OxyarenatEep Compounps 

x, anes: 


CO i i ei i ii 


emer e ee ee meee tone ner eeesesereres 


70. Isohydroquinoline 
UUs BEDZECACCOHIM nace cian eae vote, deo telanins tisBare.sserew eo ent en 
Mowry OFOCUINGINE! asics sin wearnine siete somcielasecleceae ban ee 
73. Cathechol (o-dihydroxybenzene)..............e.ee00% 


SOO ee 


77. Methylhydroquinoline 
78. 1-2-4-Xylenol 


SLA a eo VIONO lid ohresieigiod ica eras o/c /¥s sien Hele balea alam 
82. Ethylhydroquinoline 
Saal INAPOCHOL. padi es oe pais ereintare Siclelubents Ser doe aistemmlaee oe 
84. Dimethyleumaron 
She Urimethyl phenol) voce aess\stelelsinteresujaisaccivie’e wieie aeeeaa eee 
Se Letramerny PHONO. coe vies ccwe aed cacermeeereaennccs 
7. Pentamethylphenol 
XI. Mdckhone 
eA COLAC ONY. GOH deloniicain s,s aisle n'c-siorsie cia tata Sole. seb alecee ta 
89. Paraldehyde 
XII. Ketones: 

SOA GCOUODGE te seit recs inteale cipists’o's ole h eeafalarsle oe vain pis arsistatehara evcre 
Ol Moth ylethylkotone: yx cad oc cde cieciocisievtte ft er eltiae dates 
O2 r= Meth ylolyWcetone: 2 :0¢ 0,416 00% seicie oie gies sis eiaieiciele'e cis.aie 
Use Meth ylhonty Ketone: sof: aie cie!alecelsialei avs vic'sle arelelnle weet 

C. SunpHurerrep CompounpDs: 
Ost Eby drogen aulphiGes cc. .es.sscteasee cine oe Seeiats cle cloisla’e ole 
Ob Carbon Gisulmhide: ics aascrals « steisisiva sce ae + paretsla cues 
96; Meth ylmercaptan 'y 5; iiat cies sec» nel sucaie dee siecielee onsen 
OT APLNITH OLN VIB) PAIGE, 7, cop ere acsistotsiniciy c'e esis njs cin tyeleleleleen els 
OS Rolaolim ercaptanins cic aves sale deals Carica naelenmetie 

D. Catorinatep Compounps: 
QO WET Y AT OCDIOTIOVARIC: 222s, 0 giaeis sis snslaia's winreie ay caienls wlelelasiok 
100> Ammonium Chlorides... cies cesisas cleans en tecilacess ss 

NirrogEenous Compounps: 
POP eNAELOSOIN s -catrre ooiaiers vislessisinsieis.s isrs.s aletisina Beye pealovelere,siele 
OD ret ASNT OMG oe ci oscistaioe siclelate tioielsiicici tei yee mbmiste stem cis ware 
MO er COUOMEETIIO eis caicias steele were aiciala visieterenerteleieiclarstarn'sia/e'esisis 
ROAM AU PACU rere cc icteleteratale Sco Solace wietctereitvats) anviate «SAL io aiwietars Siatnehe 
MOD ers EICOUMMOY cats aia tate cielo ota are dls ele eieieinrn <a Veisiciat nite elneiaio cies 
MOGMO=PICOMMEIE. 5. Ate sielcrovars svsie's vnlalecresivigie's’ sleltueiaisyw'srs aeieigia sia 
Odie ya ICOM Gre ctr. cia tani ict cainoinesinin tide w alec oie eetele vieisiine 
108. Aniline.... ete 
109. a-Ethylpyridine 
110. B-Ethylpyridine 
111. y-Ethylpyridine 
112, O-Toluidine 
113. M-Toluidine 


eee eee eee ee rr 


eee ee eee ee eee ee er) 


118. Hydrogen.. 
119. W: 
120. Carbon monox! de.. é 
121. Carbon dioxide.. eae Hhaticee nleln ead cavtaate mie aicts aes 


FORMULA 


CsHe 

CioHu 
Cu Ho 
CuHes 
CrH2 
CuHi0 


CsHeO 
CceHeO2 
CeHeO2 
CeHsO2 
CeHeO2 
C7H:0 
C7H:0 
C7H:0 
CiH902 
CsHwO 
CsHi00 
CsH00 
CsH100 
CsHi002 
CioH sO 
Ci0H100 
Ci0H120 
CioHuO0 
CuHisO 


C2HsO 
(C2H40)s3 


CsHuN 
CsH7N 
CioHyN 
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Many observers 
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Many observers 
Many observers 
Many observers 
Many observers 
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equal to as much as 6.0 per cent of the thermal value with a Notting- 
ham coal and as little as 2.1 per cent of the calorific value with a 
Welsh coal. 

Hollings and Cobb (67) (68) studied the thermal reactions of 
Mockton coal during low temperature carbonization. They observed 
that endothermic reactions predominated in the decomposition 
region 250°C. to 410°C. Exothermic reactions predominated in the 
short region 410°C. to 470°C. A second endothermic period was 
found from 470°C. to 610°C. Above 610°C. the reactions were 
decidedly exothermic in character, but between 750°C. and 800°C. 
the reactions again became endothermic. This variation between 
the predominance of reactions involving the liberation and absorption 
of heat within various temperature limits explains sufficiently the 
discrepancies of earlier observations. 

Strache and Fromm (69) studied the heat required for carbonizing 
various grades of fuel, ranging from wood to bituminous coal, at 
750°C. and found that the heat liberated was a function of the 
percentage of oxygen present in the fuel. With oxygen contents 
below 15 per cent, the fuel is usually endothermic during its decom- 
position, while fuels containing more than this amount of oxygen are 
exothermic in character. Of course, when very wet fuels are treated, 
the amount of heat required to evaporate the moisture may be so 
great as to entirely obscure any heat which might be liberated. In 
some cases, particularly in low temperature carbonization, where close 
temperature control is desirable, the exothermic reactions may be of 
importance. Thus, Parr and Layng (70) base their process upon this 
phenomenon and Gentry (71) has pointed out its importance in the 
carbonization of pulverized coal. 

More recently, Davis and Place (72) (73) have investigated the 
thermal reactions of carbonization at the United States Bureau of 
Mines. They found that the exothermic heat varies not only with 
the oxygen content of the fuel but also with the conditions of dis- 
tillation. Under conditions of low temperature carbonization, they 
found that most American coals have positive heat reactions. They 
confirmed the research of Klason (74) on wood cellulose, obtaining a 
liberation of 318 B.t.u. per lb. of pine sawdust. 

Davis, Place, and Edeburn (75) have made a very careful study of 
the heat of carbonization of various fuels by the calorimetric method 
devised by Davis (76). They showed that the primary decomposi- 
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tion of coal was exothermic in character, while the tendency of 
secondary reactions was endothermic. In other words, that the 
reactions involved in low temperature carbonization are principally 
those which liberate heat, whereas the reactions involved in the 
transition from low to high temperature carbonization products are 
those which absorb heat. 

The difficulties of making such thermometric measurements are 
enhanced by the numerous variables affecting the results. Hulett 
and Capps (77) have shown that the pressure has considerable 
effect on the character and quantity of the products and, hence, upon 


TABLE 8 
Analyses of fuels tested for heat of carbonization 


PROXIMA‘'H ULTIMATE 
FUEL a 
H20/V.M.| F.C.) Ash| Bt.u.}| S | H | C | N | O 


per | per | per | per per per | per | per | per | per 
cent | cent | cent | cent | pound | cent | cent | cent | cent | cent 


PPM BA WOUSU i. ue 5 sarees 01a eich 6.3/74.4/18.8] 0.5) 8,560 6.6/48.6} 0.1/44.2 


oO 
i=) 


Minnesota peat.....:....... 9.1|55.7|27.4| 7.8] 8,700] 0.3] 6.1/49.8] 2.2/33.8 
MERAS ITSM hte bares tees 10.4/41 .8/36.5)11.3] 9,410] 0.5) 5.3)55.4! 0.8/26.7 
Utah bituminous............ 7.1/89.8/48.5) 4.6)11,620) 1.3) 5.6/66.5) 1.2/20.8 
Mors eo alesse. sins oars ee 73/87 .5/44.4/10.8]11, 170) 3.5) 5.3/62.5] 1.1/16.8 
WO IMONCOa aati tet ou cles 6 1.7/37.7|54.8] 5.8]12,970] 3.4} 5.2/72.3) 1.1]12.2 
Oe DOR COM ta «seule sc cicvelns 1.0/28 .0)61.2} 9.2|13,470} 1.6] 4.7/75.9] 1.3] 6.7 
Pittsburgh Coal. sss... se. 1.6/36.4/55.7| 6.3/13, 960] 1.1] 5.3/77.6] 1.5) 8.8 
Pocahontas coal:............ 0.6)17 .0/72.3/10. 1/13, 730} 0.9) 4.2/79.7) 1.4) 3.7 
PAWAUNTAGILON. we cel s.elcacemoears 0.6] 5.5/80.4/13 5/12, 820] 0.8) 2.8)78.3] 0.8) 3.8 


the heat of reaction, according to the principle laid down by Thomp- 
son (78) that the heat of formation of a compound is equal to the 
difference between its heat of combustion and the heat of formation 
of its products of combustion. The rate of heating determines the 
proportion of secondary reactions taking place simultaneously with 
the primary reactions and, therefore, causes a variation in the net 
heat evolved. Even then, the character of the inert gaseous atmos- 
phere is not without its influence, as might be expected from its 
bearing on the reaction equilibrium. Thus, Davis and his co-workers 
found that at 930°F. the heat evolved was about 85 per cent greater 
in an atmosphere of carbon dioxide than in an atmosphere of hydro- 
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gen, when using Illinois and Ohio coals. Preoxidation renders the 
coal less exothermic, while preheating in hydrogen up to 390°F. 
has no effect. 

Analyses of the fuels, whose heat of carbonization was determined 
by Davis, Place, and Edeburn (75), are given in Table 8. These 
analyses are given on an air-dried basis. The heats of carbonization 
were determined in an atmosphere of nitrogen. The results are 
shown graphically for the coals in Fig. 2 and for pine sawdust and 
peat in Fig. 3. An examination of these illustrations discloses that 
all the fuels are slightly endothermic below the decomposition tem- 
perature, which is at about 600°F. for the coals and 500°F. for peat 
and sawdust. There is a rapid evolution of heat when primary 
decomposition sets in between 600°F. and 800°F. The maximum 
heat evolution is reached at about 900°F. with coals and at about 
1000°F. with peat and sawdust. After attaining the maximum, the 
heat evolution curves drop off fairly rapidly and actually become 
endothermic again at 1050°F. for the older and more consolidated 
coals. 

Heat Balance. Euchéne (79) was one of the first to recognize the 
value of a heat balance in coke ovens, but, since his early experi- 
ments, a great deal of valuable research has been done. The heat 
applied to decompose a fuel into its final products of coke, tar, and 
gas can be attributed to eight factors, viz.: heat abstracted by 
moisture; heat abstracted by non-condensible gas as it leaves the 
retort; heat abstracted by tar oils; heat abstracted by liquor; sensible 
heat of the coke; sensible heat of the ash; internal heat of decom- 
position; and heat losses from the retort. ambush (80) has pro- 
posed a method of estimating the heat balance of coal distillation by 
the use of tables, prepared to show the heat abstracted by each of the 
above factors as a function of the temperature of the gas outlet and 
yields of the various products. 

Catalysis. The catalytic action of mineral matter in the coal, 
particularly in the ash, has long been overlooked, although attention 
was called to it in 1914 by Lessing (81). Experiments conducted by 
Lessing and Banks (82) showed wide variations in the amount of 
coke produced when carbonizing sugar and cellulose in the presence 
of different inorganic compounds. The results were confirmed by 
Marson and Cobb (83). In view of the vital importance of catalysis 
in the synthesis of liquid hydrocarbons by hydrogenation of coal, 
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it would not be at all surprising to find that the mineral matter in 
coal has a far more marked effect upon the volatile products than 
upon the solid residuum. 

Plastic Layer. The mechanism of carbonization in a retort can 
be described as follows: the raw coal introduced into the chamber 
rapidly absorbs heat in its surface layer, thereby driving off free 
moisture, which moves inward and condenses in the interior regions 
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of the cold charge; the temperature of the surface layer rises to 575°F. 
or 750°F., within which temperature range it becomes fused or 
plastic; a rapid evolution of volatile products follows the fusion stage 
and the coke assumes a porous structure. From each wall of the 
retort the plastic layers migrate slowly inward until they meet at the 
center of the chamber, producing a line of demarkation always found 
as a central crack in the charge. The plastic layer is estimated to 
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be from 0.5 inch to 1.5 inches in width and it is characterized by a large 
temperature drop across the fusion zone and a great resistance to the 


passage of gas through the layer. In fact, Evans (84) found that the 
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resistance to passage of gas offered by the plastic layer was 3000 times 
that offered by screened lump coal, 75 times that offered by coal dust, 
and 300 times that offered by 1400°F. coke. 

Foxwell (63) investigated the temperature at which the plastic 
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layer is formed and found that it lay between 752°F. and 842°F., 
which is slightly above what is usually considered the fusion range. 
A pressure as high as 480 mm. of water was required to force the 
passage of gas across the plastic layer, as compared with about 20 mm. 
before and after fusion. Layng and Hawthorne (86) also investigated 
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this problem for over forty American coals and found pressures as 
high as 1500 mm. of water in the case of Pocahontas coal. It is very 
apparent, therefore, that in coke ovens the gas evolved must develop 
quite a pressure to penetrate the plastic layer. The resistance 
offered by the fusion zone depends greatly upon the coal, particularly 
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upon the degree to which it has been preoxidized. Fig. 4 shows the 


result of some experiments by Parr (87) to determine the effect of 
preoxidation on the phenomena occurring during fusion. The reduc- 
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tion in resistance to gas passage, which accompanies preoxidation, 
evidently must be attributed to reduction in the coking power of the 
coal. 
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Ryan (88) has determined the progress of the fusion zone across a 
16.5 inch Rothsburg coke oven and found that 16.3 hours were re- 
quired for the two plastic layers to reach the center from each side 
when the flues were maintained at a temperature of about 2100°F. 
The progress of the plastic layer is shown clearly in Fig. 5. The rate 
of travel of the plastic layer can be determined quite easily by 
graphical differentiation of the progress curve given in Fig. 5. The 
result of such a differentiation, using 0.5 inch increments to calculate 
the slope, is shown in Fig. 6. With reference to the last illustration, 
it is seen that, when the raw coal is introduced into the hot retort, 
the surface layers in contact with the flue have a high heat transfer. 
Consequently, in the initial stages of coking, the plastic zone travels 
at the relatively high velocity of about 1.5inches per hour. However, 
as the plastic layer recedes from the oven wall, it becomes more and 


TABLE 9 
Variation of heat transfer in retorts with thermal gradient 


ee 

Se. cm, hours cm. per hour °C. per cm. 
1100 51 32.5 157 21.5 
1100 41 18.0 2.28 26.9 
1100 14 4.5 3.11 78.6 
550 14 7.0 2.00 39.3 


more difficult to transfer the heat necessary to raise the charge to 
plasticity and, therefore, the rate of travel rapidly falls to a minimum 
of about 0.3 inch per hour. During the progress of the plastic layer, 
additional heat has been expended immediately in front of the fusion 
zone to drive off the moisture, which condensed on the interior of the 
charge, and to raise the temperature of the center of the mass. Finally, 
the chilling action of the center of the charge is checked and the 
rate of heat transfer to the plastic zone becomes greater, thereby 
raising again its rate of migration. 

Heat Transfer. Because of the poor heat conductivity of coal, 
the time of carbonization is greatly influenced by the size of the 
particles, porosity of the charge, method of heating, shape of the 
retort, and other peculiarities of the particular process under exami- 
nation. In addition to the time consumed in heat transfer, there is a 
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time interval required, while the coal is maintained at the maximum 
temperature, until coking is complete. Both the time of carboniza- 
tion and the rate of heating depend, among other factors, upon the 
ratio of the mass of the charge to the surface of the charge. 

The thermal conductivity of coal is so low that, even with a high 
temperature gradient of 1100°C. in the flues of the retort and 100°C. 
in the center of the carbonization chamber, the rate of heat transfer 
rarely exceeds 0.8 inch per hour in practice. Thickness of the 
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charge, therefore, becomes of primary importance, when carbonizing 
between 400°C. and 800°C. Measurements, under commercial 
conditions, have been made by Wellington and Cooper (89) with 
retorts of different thicknesses to study the rate of heat transfer and 
are given in Table 9. In accordance with the laws of heat transfer, 
we find that, for a high thermal gradient, there is a high velocity of 
heat transfer and a low time interval for the center of the charge to 
attain its maximum temperature. Fora reduction of 50 per cent in 
the thermal ‘gradient, however, there is a reduction of but 35.5 per 
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cent in the velocity of heat transfer and an increase of 33.4 per cent in 
the time of retorting. 

The slow rate of heating of the charge is seen clearly .by reference 
to Fig. 7, where some data on the experimental determination of 
temperature inside of the carbonization chamber during coking are 
given. The measurements on the low temperature process are 
reported by Wellington and Cooper (89), who used a, vertical fireclay 
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retort, 11.5 feet high and 5 inches wide. It was heated externally 
with producer gas and the flues were maintained at 765°C. About 
eight hours were required for the center of the charge to reach the 
initial temperature of the retort. The results presented for the high 
temperature process are from measurements made by McBride and 
Selvig (90) on standard Koppers ovens. ‘These ovens were of the 
horizontal variety, 39 feet long and 18 inches wide. Over twenty 
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hours elapsed before the interior of the charge reached its maximum, 
while the flues were kept at 1200°C. In the first case, the rate of 
heat transfer was about 0.625 inch per hour and in the second case 
about 0.850 inches per hour. 

In Fig. 8 are shown some isochronic temperatures across a coke 
oven for various times after charging, as measured by Ryan (88). 
The measurements begin with the 14th hour after charging, or just 
about two hours before the plastic layer reached the center of the 
retort, after which it is apparent that, once the fusion stage is over, 
the rate of temperature increase becomes rapidly greater until, after 
the 20th hour, the charge attains almost a uniform temperature 
throughout. 

According to Newton’s law, the flow of heat through a body by 
conduction, after the steady state has been attained, is expressed 
by the differential equation: 


— = kA — [11] 


where Q is the unit of heat; 7, the temperature; x, the distance in the 
direction of heat flow; ¢, the time; A, the area perpendicular to heat 
flow; and k the coefficient of heat transfer. The complexities of 
carbonization, however, render this equation inapplicable in its 
simple form for two reasons. In the first place, the coefficient of heat 
transfer is not constant, but is a function of both the time and the 
distance from the retort wall and, secondly, because the rate of change 
of temperature with respect to distance is also a variable with respect 
to the time as well as the distance. The coefficient of heat trans- 
mission for coke is considerably greater than for coal, hence, the 
manner in which the mean coefficient might vary can be gathered 
from consideration of Fig. 5, recalling that coke exists between the 
wall of the retort and the plastic layer, while coal exists in the center 
of the chamber. The manner in which the temperature gradient 
varies as a function of time and distance can be gathered by graphical 
differentiation of the family of curves in Fig. 8 to determine their 
slope. 

It will be seen from Fig. 8 that for several hours after charging, on 
account of the low thermal conductivity of the coal, the temperature 
range within the oven is very great. Different zones of the charge, 
therefore, undergo different carbonization transformations at the 
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same period. Nielsen (91) has nicely illustrated this point under 
conditions of low temperature distillation by determining the varia- 


Distaace from Base of Retort, Ft. 


ea 
| 2ESGaEe 


PAB 
eg 


\A 


ere 


Temperature, Def. C. 


Fig. 9. Errsct or Stzam ADMISSION ON THE DISTRIBUTION OF TEMPERATURE 
IN VERTICAL RETORTS 


tion of the percentage volatile matter remaining in the coke with the 
distance of the distillation residuum from the retort wall for a retort 
6.5 inches thick. The carbonization was carried on for 6 hours at 
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about 600°C. before the coke was examined. It was found that, 
even after this period of retorting, there is a range of from 10.4 per 
cent to 13.4 per cent volatile matter in the coke, depending on the 
distance of the residuum from the chamber wall. The maximum 
volatile content occurs in the center of the charge where the tem- 
perature is a minimum. 

The Fuel Research Board (92) has determined the longitudinal 
distribution of temperature in vertical retorts, both with and without 
the introduction of steam. The results are shown in Fig. 9. The 
upper curve shows‘the change in temperature distribution, arising 
from the passage of 13.5 per cent steam through the retort. The 


TABLE 10 
Effect of coke breeze on heat transfer 


RAW WELSH COAL 20 PHR CENT BREHZE 30 PER CENT BREEZE 


minutes ROE °C. &C. 
0 20 20 20 
5 20 30 30 

10 32 58 72 
15 60 88 130 
20 100 128 183 
25 135 170 240 
30 167 210 287 
35 200 245 

40 222 278 

45 252 330 

50 275 

55 302 


experiments were made on a Glover-West retort. Under ordinary 
conditions of distillation, only the lower 25 per cent of the retort 
was above 300°C. and 50 per cent above 100°C. When steam dis- 
tillation was used, 48 per cent of the retort was above 300°C. and 
98 per cent above 100°C. In the zones of the retort, extending from 
5 feet above the base to the top, constituting about 75 per cent of the 
carbonization chamber, the use of 13.5 per cent steam raised the 
temperature of the charge over 100 per cent. It will be pointed out 
later that one of the functions of steam distillation is to assist in the 
uniform distribution of heat throughout the charge, heat being 
absorbed in the lower hot portions of the retort and distributed 
through the upper cooler zones. 
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The introduction of coke breeze has a material effect in the transfer 
of heat. Roberts (93) examined the time required for the interior 
of the charge to reach 360°C., and found that 58 minutes were re- 
quired, when using raw Welsh coal; 46 minutes when 20 per cent 
breeze was added; and 31 minutes when 30 per cent breeze was mixed 
with the charge. Table 10 shows the result of his investigation. 
Apparently, the beneficial effects of coke breeze are derived from the 
fact that it increases the thermal conductivity of the charge and gives 
a certain amount of porosity to the mass, which allows the transfer 
of heat by internal convection currents. 

Internal and External Heating. It is easier to withdraw vapors 
soon after their formation in horizontal than in vertical retorts. In 


TABLE 11 


Comparison of rate of gas evolution in externally and internally heated 
low temperature retorts 


CUBIC FEET GAS PER HOUR 
HOURS 


External Internal 

0 0 0 
0.4 2,930 4,110 
1.0 4,080 4,760 
1.4 3,830 4,190 
2.0 3,080 2,970 
3.0 1,680 825 
4.0 610 


a static horizontal retort, where the material moves progressively, 
eduction pipes can be placed at intervals along the top of the retort 
to withdraw the vapors. Thus, the mechanical design of the retort 
is found to play an important part in determining the yield of the 
desired products. 

Two methods of heating have been resorted to, external and in- 
ternal. In external heating, the solid, liquid, or gaseous fuel is 
burned in an outer chamber and the coal is placed in a gas-tight 
retort. When carbonization is carried on by internal heating, the 
sensible heat of producer gas, generated externally or in the retort 
itself, superheated steam, molten lead, or some other agency, is 
employed to effect the distillation. One of the main differences 
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between the two methods lies in the quantity of gas evolved. Thus, 
in the producer gas method of low temperature carbonization, the 
yield of gas is of the order 25,000 to 35,000 cubic feet per net ton of 
coal, as compared with 3,000 to 4,500 cubic feet obtained in external 
distillation. On the other hand, the great volume of gas yielded by 
the producer gas method is of low heating value, such as 250 B.t.u. 
per cubic foot, as compared with the high calorific value of 800 to 
1000 B.t.u. per cubic foot obtained in the externally heated retorts. 

The uniform distribution of heat in the retort by steaming suggests 
the advantage of internal heating over the external method. Nielsen 
(91) obtained the results in Table 11 by comparing the rate of evolu- 
tion of gas from carbonization at low temperature in externally and 
internally heated retorts. The rate of evolution rises to a maximum 
after about three-quarters of an hour of carbonization, after which it 
gradually falls in value. Internally heated retorts attain an 18.5 
per cent higher maximum in the same period than those heated by 
external methods. The recession in the rate of evolution is also 
much more rapid when the heat is conducted through the charge by 
the internal heating process. By integrating these curves, that is, 
by measuring the area beneath them, the total quantity of gas 
evolved over any period of distillation can be found. Comparison 
of the two areas discloses that, over a period of 2.75 hours, 75 per cent 
to 80 per cent of all the gas evolved from the coal during low tem- 
perature carbonization in internally heated retorts has been yielded, 
whereas 70 per cent to 75 per cent has been given off in externally 
heated processes. For the same character and yield of products in 
the two cases, this is equivalent to a material reduction in the time 
of carbonization. 

High and Low Temperature Carbonization. For the sake of 
concise presentation, it would be permissible, perhaps, to risk a 
generalized comparison. Considering a coal containing approxi- 
mately 35 per cent volatile matter, 7 per cent ash, and 58 per cent 
fixed carbon, it is reasonable to’ expect under ordinary circumstances 
the yields per net ton of raw fuel shown in Table 12. 

The gaseous products of low temperature carbonization consist 
mainly of the lower saturated and unsaturated aliphatics. Aromatic 
compounds are generally absent. The gases, while produced in 
lesser quantities than in high temperature ovens, are rich in their 
thermal value. 


FUNDAMENTALS SH 


Low temperature tar contains more members of the paraffin series 
and fewer aromatic compounds than high temperature or coke oven 
tar. One of the chief characteristics of low temperature tar is its 
high tar acid content. The fraction up to 170°C. and the pitch 
usually contain about 40 per cent tar acids, while the coke oven 
distillate runs as low as 15 per cent or less. Very little phenol, 
itself, is produced, but this varies to a great extent with the coal. 
Of the tar acids, more cresol and homologues of phenol are present 
than in high temperature tar. Naphthalene is absent, but other 
members of the series have been found in minor quantities. While 
coke oven tar has a specific gravity of about 1.17 at 15°C. and contains 
about 6.5 per cent free carbon, the low temperature product runs 
less than 1.10 specific gravity and usually contain less than one per cent 


TABLE 12 
General comparison of high and low temperature processes 
YIELD PER NET TON 


PRODUCT 
High temperature | Low temperature 


Grasn(CUBIGMEEL).caivniecins ciess.slenls-enrelaneev ve « 11,000 5,100 


Batre perCUubIG MOO Geiss ak ajole oes eelels vies is ote « “540 825 
AE EMC RMOUA train Sass Vos ba anes s bie sa 00 a eae 10 20 
Right Oile(wallons))..5 fcc vee cdele es seen ss 2.5 3. 
Ammonium sulphate (pounds)............... 22 14 
WOKEN (MO UINGS) S  perciects sgn eidietleineac eisietcee eelale 1,500 1,500 


free carbon. The presence of free carbon in tar is partly indicative 
of cracking, which is reduced to a mimimum at low temperatures. 
The presence of as much as 8 per cent free carbon in some low tem- 
perature tars, however, is due to dust and not to cracking. 

The evolution of ammonia gas from coal under destructive dis- 
tillation begins below 300°C. and ceases above 1200°C., so that it is 
to be expected that the ammonium sulphate yield of low temperature 
carbonization should be low. A great part of the nitrogen present 
remains in the coke and methods have been proposed for increasing 
the yield. 

The two cokes are entirely different. The high temperature coke 
is coarser, denser, and harder to burn than low temperature coke. 
The latter is usually characterized by its friability, softness, fineness 
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of texture, and high combustibility, but some semi-cokes are quite 
as hard and dense as the high temperature variety. 

Since it is obvious that high temperature carbonization removes 
the hydrocarbons and resinous compounds, which cause the forma- 
tion of smoke, as well as does low temperature carbonization, the 
question arises as to why the coke from gas ovens is not itself a 
suitable smokeless fuel for domestic consumption. The difference 
is that the former is not generally free burning. The physical condi- 
tion accounting for this difference in the free burning property is 
said by Brownlie (94) to be in the porosity of the coke. High tem- 
perature coke is very spongy, while low temperature coke is more like 
charcoal. Furthermore, in the gas coke a graphitic film, deposited 
from the cracking of hydrocarbons, covers the walls of the pores and 
adds to its incombustibility. 


CHAPTER II 


Low TEMPERATURE CoaL Gas 


Evolution of Gas. _ It is worth while to examine the behavior of the 
lower types of carbonaceous fuels under destructive distillation as a 
preliminary to the discussion of the gaseous products evolved from 
coal under the influence of temperature. Bérnstein (95) carefully 
examined the composition of gas evolved from distillation at various 
temperatures of a peat and a lignite, whose ash-free analyses approxi- 
mated those shown in Table 2, and a wood whose ultimate analysis 
showed 48.8 per cent carbon, 6.5 per cent hydrogen, 40.8 per cent 
oxygen, 0.63 per cent nitrogen, 3.2 per cent water, 0.10 per cent ash, 
and 0.08 per cent sulphur. These data have been compiled in 
Table 13. It should be observed that, in the case of wood, hydrogen 
is rapidly evolved at comparatively low temperatures and, as a 
matter of fact, it will be shown that the temperature of hydrogen 
evolution progresses with the geologic aging of the fuel. The per- 
centage carbon dioxide increases steadily, at any given temperature, 
with the position of the fuel in historical reckoning. 

Lewes (17) carbonized bituminous coal at temperatures ranging 
from 400°C. to 900°C. and measured the volume of gas liberated at 
the respective temperatures. He found that the volume of gas 
liberated increased approximately 1,200 cubic feet per gross ton of 
coal for each 100°C. rise in temperature throughout the range. A 
glance at Table 14 will show that, within the temperature interval 
400°C. to 900°C., the volume of gas liberated increases over 100 per 
cent from the lower to the higher temperature. At the same time, 
the percentage composition of the gas undergoes a considerable 
change. The percentage of hydrogen present more than doubles, 
while the percentage of saturated and of unsaturated hydrocarbons 
each decreases about half. The amount of unsaturated hydro- 
carbons in the gas is small, compared to the other constituents. 

American Coals. Studies of the gas obtained in the destructive 
distillation of coals found in the United States have been made by a 
number of experimenters. Particular mention should be made of the 
work of Porter and Ovitz (96), who used coals from Pennsylvania, 
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TABLE 13 
Composition of gas distilled from wood, peat, and lignite 


TEMPERATURE 
CONSTITUENT 
; 300°C. 350°C. 400°C. 450°C, 
per cent per cent per cent per cent 
Wood: 
COMET Reais Ber oe 53.5 55.0 28.0 
COS aaa aa eRe ba lcasteeetee 27.7 32.6 29.0 
(0) 8 apa Mrs er SEN eee pare ey Pee 14.9 7.9 20.6 
ORSGnG 8 i dle eee eet a cuieneyers Omran 0.2 1.5 5.0 
18 FS Ree ae he rid Cenc ona Oat 3.0 17-3 
Peat 
COR Aa iain ates shee iors oorems 89.2 63.8 55.4 
CO meer elec cereus reunite aiuad satay ara 10.1 7.2 12.3 
(Oi 8 etapa MPRA Scr nete AT rna Ee bres 25.5 25.4 
OlGHNGS cn brim R aa Retiree: 0.3 0.4 3.7 
EM seta tec ete steeatard fade Wratten otal eversenyaye 0.3 3.1 3.1 
Lignite 
WO Bree et Ree ye Paine erie ui eye 91.4 90.9 69.6 47.8 
COR eter ean cra clean cake ena eys 6.4 7.6 15.8 15.1 
CHRO P al ts Sateneg dn, Bente ence eee 1.1 3.2 21.2 
Olefines ec acted reine Ue he aicse ate oes 0.3 0.5 8.8 11.9 
Sulphur compounds................ 0.7 0.5 0.4 
TABLE 14 
Gas evolved from bituminous coal at various temperatures 
waurmnaruns’: | S'S loss con || SERROGUN | | poo bcanuone | sr DROUAEwORE 
°C cubic feet per cent per cent per cent 
400 5,000 21.2 60.1 6.3 
500 6,400 28.3 56.2 5.8 
600 7,750 33.8 50.7 5.0 
700 9,000 41.5 45.0 4.4 
800 10,000 48 .2 39.1 3.8 
900 11,000 54.5 34.2 3.5 


Illinois, West Virginia, Virginia, and Wyoming; Davis and Parry 
(97), who examined coal from the Pittsburgh and Upper Kittanning 
beds of Pennsylvania; and Taylor and Porter (98), who investigated 
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the coals of Pennsylvania, Illinois, West Virginia, and Wyoming. 
Representative analyses of the coals studied are given in Table 15 
and Table 16. Comparison of these data with Table 1 and Table 2 
seems to classify the West Virginia and Virginia coals as semi- 
bituminous, the Pennsylvania coal as bituminous, and the Illinois, 
Utah, and Wyoming coals as sub-bituminous. 


TABLE 15 
Proximate analyses of coals of the United States 


PENNSYL- WEST 
CONSTITUENT VANIA ILLINOIS VIRGINIA VIRGINIA | WYOMING UTAH 


per cent per cent per cent per cent per cent per cent 


IMGISLUTEN te crores. ees ikea, hee: 0.9 0.5 272 4.1 

Volatile matter.......... 30.7 30.4 32.5 20.9 34.0 42.3 

Fixed carbon............ 60.4 54.5 61.2 75.5 57.4 48.1 

ASH rene kc 7.5 7.4 3.5 oe 6.5 5.6 

B.t.u. per pound........ 14,000 | 12,000 | 14,600 | 15,400 | 12,000 | 18,100 
TABLE 16 


Ultimate analyses of coals of the United States 


PENNSYL- WEST 
CONSTITUENT VANIA ILLINOIS VIRGINIA VIRGINIA | WYOMING UTAH 


per cent per cent per cent per cent per cent | per cent 


REDO ici ooeee vis 003015 76.9 69.9 85.9 84.7 65.6 72.7 
MTV GTO PEWS care oo sce seers si 5.2 5.1 4.7 5.0 5.3 5.4 
ORV POM relate ie «ja arearers 7.9 15.5 4.0 6.0 20.1 10.4 
INET OPC. oseeccinis vais names 1.4 1.5 1.5 1.2 125 1.4 
SEU DINE step nah one cron cicte\ons 1.6 0.8 0.7 0.4 1.0 0.4 
PAIS Nereis ieisiasdsa eck Aes thal 7.3 3.2 2.5 6.5 5.6 


Table 17, Table 18, and Table 19 give the quantity of gas evolved 
and its composition at three different temperatures of distillation for 
Virginia, West Virginia, and Wyoming coals, respectively. In these 
three tables the Virginia coal is the oldest coal, the Wyoming coal 
the youngest, while the West Virginia coal occupies an intervening 
position historically. As a matter of fact, we shall see later that the 
geologic age of the coal has a direct bearing on the composition of the 
gas yielded at a given temperature. 

Porter and Ovitz made a careful determination of the gas evolved 
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f TABLE 17 
Temperature variation of gas composition from Virginia coal 


TEMPERATURD 
CONSTITUENT 
500°C, 700°C, 1000°C. 
Cubic feet gas per gross ton............ 850 4,260 11,600 
Analysis é per cent per cent per cent 
GO BT ETEiaisee alt oe Cepeda n ede ie Mee 5.5 1.4 0.4 
QO EIAs LEN BNE rare a 3.5 5.1 4.6 
Ceci opi Acie a Mee eae aioe Maceo nila 70.6 55.2 26.8 
ET ahaa al lpas epa cs uae ae ear Sael aie are 15.2 34.8 64.5 
AL Vastra WINS cael eet lai Seta rat mcap ete af rere 5.2 3.5 3.7 


TABLE 18 
Temperature variation of gas composition from West Virginia coal 


TEMPERATURE 
CONSTITUENT 
600°C. 750°C, 900°C, 
Cubic feet gas per gross ton............ 490 3,550 7,140 
Analysis: per cent per cent per cent 
1 as cee Basen cna NSH IR a ogee Rare 12.7 4.1 2.7 
CO eal cet can MEN RUM SS edt Netti) arate 6.2 5.8 7.6 
sal a TSE aay ars oa cata AAU lm OL a Sat 61.6 57.0 40.5 
HS EO PLN Sa a ea a aa Oooo Ue 9.8 25.1 41.0 
PUG ab Secale cai eieecnecanei te ie 9.7 8.0 8.2 


TABLE 19 
Temperature variation of gas composition from Wyoming coal 


TEMPERATURE 
CONSTITUENT 
500°C. 700°C, 1000°C. 
Cubic feet gas per gross ton............ 1,860 4,670 13,710 
Analysis: per cent per cent per cent 
COLO evan a UIA ee Renan UL EBA A si 54.3 21.7 10.4 
CD RG ia CORN RAMI a tele BS MUHA Ye 19.6 21.5 22.3 
GALE BANG EA Sn Wie ie aR N NM URAC SUN 18.9 29.4 16.3 
1S EEA SU Ry UNA RSS ao MRE ERY Cob 23.9 46.5 
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at different temperatures with Pennsylvania and Illinois coals. The 
results of their determinations are shown in Fig. 10 and Fig. 11. 
It is plain from an examination of these diagrams that below 500°C. 
there is practically no decomposition of the hydrocarbons, as evi- 
denced by the absence of hydrogen, except for insignificant quan- 
tities. After a temperature of 600°C. is reached, however, the 
decomposition of the hydrocarbons becomes exceedingly great. 
Giles and Vilbrandt (99) made a study of the gas distilled from 
Farmville, N. C., coal at somewhat lower temperatures, the results 


(e} 
500 Goo 700 800 200 1000 1100 
Temperature, Deg.C. 
Fig. 10. Composition oF GAS FROM PENNSYLVANIA COAL AS A FUNCTION OF 
TEMPERATURE 


of which are shown in Fig. 12. This particular coal has the reputation 
of producing excessive smoke and of disintegrating when exposed to 
the atmosphere. These characteristics give disfavor to this fuel 
for domestic and industrial purposes. Reference to the illustration 
shows the large quantities of oxygen and nitrogen driven off in the 
initial stages of heating which, together with the small quantity of 
hydrocarbons evolved, demonstrates the reason for the ease with 
which this coal disintegrates. From 200°C. to 650°C., the propor- 
tion of ethane formed from this coal remains about constant. The 
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formation of heavy hydrocarbons reaches a maximum at the very 
low temperature of 300°C., after which their formation gradually 
decreases to a second critical point just below 600°C., thereafter 
only a fraction of one per cent being produced. It is an interesting 
fact that no hydrogen was formed up to 660°C., which shows that 
the volatile products were educed in their primary condition. It is 
to be expected, however, from the drop in the hydrocarbon curve at 


ee 


Fig. 11. Composition oF Gas FROM ILLINOIS CoAL As A FUNCTION OF 
TEMPERATURE 


600°C., that from that temperature onward hydrogen will be pro- 
duced in quantities. Any decomposition of the heavy hydrocarbons 
below 660°C. in this case evidently goes to form methane, for the 
percentage of this constituent of the gas has a striking inverse 
relationship to that of the heavy hydrocarbons. Although not 
shown in the illustration, carbon monoxide to the extent of 0.40 
per cent appeared at 420°C. and remained about constant throughout, 
while carbon dioxide to the extent of 0.65 per cent appeared at 300°C. 
and gradually increased in amount to 1.55 per cent at 660°C. Ethyl- 
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ene and other unsaturated hydrocarbons, amounting to 0.74 per cent, 
were produced at 200°C., but gradually decreased to 0.12 per cent 
at 660°C. At 360°C. the specific gravity of the total gas referred to 
air was 1.167, as compared with 0.952 specific gravity at 600°C. 
The laboratory gas yields of Porter and Ovitz and of Giles and 
Vilbrandt, as a function of the carbonization temperature, have 
been computed to a gross tonnage basis in Table 20. 


400 500 
Temperature, Deg.C. 

Fig. 12. Composition oF GAs FROM NORTH CAROLINA COAL AS A FUNCTION 
OF TEMPERATURE 


Monett (100) examined seventeen Utah coals under maximum 
carbonization temperatures of 1000°F., twelve of which were deemed 
worthy of further study. The average composition of the gas from 
these coals was: 6.7 per cent carbon dioxide, 7.6 per cent carbon 
monoxide, 28.8 per cent hydrogen, 2.7 per cent nitrogen, 39.6 per 
cent methane, 7.1 per cent ethane, and 6.7 per cent illuminants. 
This agrees with the results of Parr and Layng (101), who also used 
Utah coals at maximum distillation temperatures of 1450°F. and 
obtained a gas composition of 8.3 per cent carbon dioxide, 8.9 per 
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cent carbon monoxide, 37.6 per cent hydrogen, 3.9 per cent nitrogen, 
30.7 per cent methane, 5.1 per cent ethane, and 4.8 per cent 


illuminants. 


TABLE 20 


Gas yielded by various coals at different temperatures 


CUBIC FEET OF GAS PER GROSS TON 


TEMPERATURD 
Pennsylvania coal 
°C. 

200 

300 

400 
500 575 
600 2,580 
700 4,390 
800 6,190 
900 7,480 
1,000 10,400 
1,100 12,900 


TABLE 21 


Illinois coal North Carolina coal 


97 

525 

1,550 

710 2,360 

925 3,640 
3,520 
5,570 
8,400 
9,710 
11,210 


Variation of low temperature gas composition with geologic age of coal 


OLDEST 
CONSTITUENT 
Virginia 
Coa. 
Cubic feet gas per gross ton..... 4,300 
Analysis: per cent 
CO) OE A I A ep ae 1.4 
; OS Oa Lean a Re Rea nea aa a 5.1 
COP Paes a ci aae AUS eer ae eae 55.2 
Are Sees ures Stitt nie ara olaarean 34.6 
Tbumninants ee sk elon 3.5 


GEOLOGIC AGING YOUNGEST 


Pennsy!l- West 


vania | Virginia | "coat | Sseal 
4,400 | 3,600 | 3,500 | 4,700 
per cent per cent per cent per cent 
3.2 4.1 6.4 21.7 
6.3 5.8 21.1 21.5 
55.8 57.0 41.5 29.4 
30.4 25.1 26.9 23.9 
4.3 8.0 4.1 3.5 


These data can be correlated to show the variation of the com- 


position of low temperature gas with the age of the coal. 


While no 


definite facts are available, it has been pointed out that probably 
Virginia coal is the oldest and Wyoming the youngest of the five coals 
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examined. Table 21 gives the comparative analyses of the gas 
obtained from the retort at 700°C. It is plainly evident that there 
is little change in the volume of gas evolved, that the percentage of 
the oxides of carbon contained in the gas greatly increases in the 
younger coals and that there is a corresponding decrease in the pro- 
portion of hydrocarbons and hydrogen liberated from the less con- 
solidated fuels. The illuminants remain about constant. They 
consist of heavy hydrocarbons, which deposit soot at the tempera- 
ture of the flame, thus providing minute incandescent particles which 
give illuminating properties to the flame. 

British Coals. Burgess and Wheeler (57) carried on an extensive 
investigation of Welsh coals to determine their behavior throughout 


TABLE 22 
Temperature variation of volume of gas evolved from Welsh coals 


CUBIC FEET OF GAS PER GROSS TON 


TEMPERATURE 
Minimum Maximum 
aoe 
500 470 1,220 
600 760 : 3,560 
700 1,580 4,850 
800 4,780 7,840 
900 6,940 9,760 
1,000 8,270 10, 960 
1,100 9,780 11,970 


the temperature range from 450°C. to 1100°C. The average ultimate 
analysis of the coals used in their experiments was as follows: 89.9 
per cent carbon, 4.7 per cent hydrogen, 5.1 per cent oxygen, 1.6 
per cent nitrogen, 1.4 per cent sulphur, and 5.14 per cent ash. Com- 
parison with Table 2 shows that these coals have an ultimate analysis 
almost identical with that of the semi-bituminous coals of the United 
States. 

In 2-hour distillation experiments, they observed that the 
percentage of total gas evolved during the first ten minutes increased 
rapidly with the temperature. Thus, at 600°C., 59.7 per cent of the 
total gas produced in two hours was educed in ten minutes; 64.6 
per cent at 700°C.; 75.1 per cent at 800°C.; 88.9 per cent at 900°C. ; 
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94.4 per cent at 1000°C.; and 94.3 per cent at 1100°C. The com- 
mercial application of low temperature carbonization is confronted 
with an obstacle of first importance in the shape of retorting period, 
due to the low thermal conductivity of coal. The difference between 
the maximum and the minimum yields of various coals, examined 
by Burgess and Wheeler (57), is as much as 300 per cent up to 700°C., 
after which the two values approach equality until at 1100°C. the 
difference is less than 20 per cent. Table 22 shows the range of 
yields obtained at various temperatures in the course of their ex- 
periments. 


TABLE 23 
Analyses of low temperature gas from Altofts Silkstone coal 


TEMPERATURE 
CONSTITUENT rae eer nS ae DUI | SE Man Sy aT Oa GaN Td ON 
450°C. | 500°C. | 600°C. | 700°C. | 750°C. | 800°C. 


Cubic feet gas per gross ton....| 432 | 1,080 | 3,560 | 4,450 | 5,540 | 7,840 


Per cent of (coalviisec ee. is as 9.1 | 18.8 | 28.4 | 32.3 | 34.1 | 36.3 

Analysis: . | per cent | per cent | per cent | per cent | per cent | per cent 
INET s yaiicianete stacey erate ils Raeene ee 4.7 1.4 1.4 1.6 1.0 1.0 
COR Eason cre nents 11.0 3.6 3.5 4.1 3.3 Bers 
Os Once) See Te aera Anes Ri 8.8 6.5 (heck 7.9 9.4 | 11.9 
EL Acros seromteniee oar ud anaes 7.0 | 16.6 | 26.6 | 82.7 | 41.7 | 48.6 
EL i satan yRnante sirarcits oe ate 25.0 | 37.6 | 35.2 | 34.6 | 29.9 | 26.1 
Ep wana stata tatal alas sol Mile tone 0.4 0.4 
CSE Oy testes, Uae ate gue D 0.9 Led. 1.8 Vial 0.8 0.9 
COs Pig asec sr aetenty ac Meine ea 34.1 | 27.6 | 19.2 | 14.3 9.8 6.3 
Cage esc cree Lecarreaictan en poi 8.6 4.9 5.2 3.4 4.2 3.7 


Burgess and Wheeler (57) (102) (103) also made a careful study of 
the rate of gaseous evolution and of gaseous composition, as a function 
of the temperature of carbonization, with Altofts Silkstone coal, the 
results of which are shown in Table 23 and Table 24. These are 
very interesting data. It should be noted that there is an initial 
large evolution of carbon dioxide, but that this constituent decreases 
as the temperature rises. At the same time, the percentage of 
carbon monoxide increases. It will be pointed out later that this is 
probably caused by reduction of the dioxide to the monoxide at high 
temperatures in a reducing atmosphere. This same coal was dis- 
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tilled under reduced pressure and the gas collected in vacuo with 
the results shown in Table 24. 

Carbonization in vacuo completely alters the character of the gas. 
The volume of gas evolved increases enormously above 300°C., at 
which temperature both the oxides of carbon reach their maximum 
proportions. In contrast to normal pressure distilllation, small 
quantities of oxygen, probably occluded, are liberated. The gas 
obtained in vacuo has about the same hydrogen content at 400°C. 
as normal pressure low temperature gas has at 700°C. Burgess and 
Wheeler (104) studied the decomposition of Lancashire coal under 


TABLE 24 
Gas analyses from vacuum distillation of Altofts Silkstone coal 


TEMPERATURE 
CONSTITUENT 
100°C. 200°C, 300°C, 350°C, 490°C. 


Cubic feet gas per gross ton...... 12 24 21 350 1,440 


Analysis: percent | percent | percent | percent | per cent 
CRO RY BS Rca SOOrReERC Ona ICE REAL Or 6.7 8.9 35.4 21.0 2.9 
OO rarest (eesie orl e oiieiaesreisians ssa 1.4 2.6 10.5 3.4 3.4 
(Qi init doa OSI UE soi one nee oe hav 0.7 0.6 0.2 
EL aay Ped eae a nicole: cvs’ « Wisne™s cise y wie 1.9 2.8 13.4 15.4 36.9 
CG Midis aptofotelapecsi nieve iujeie's tie eletesoreerevarel> 2.1 3.8 20.0 19.8 8.5 
OE lam panciete state ache (or 8 sta eiets leveyoia)e7aip 84.6 81.0 18.9 37.2 46.6 
IEP ase pei traccinins @raveiaver ats at e-arptalels queso 1.7 0.7 


heat and vacuum. Table 25 shows that the results of their investi- 
gations on this fuel agree with the findings of Table 24. 

The succession of events, as the temperature of the coal is advanced 
during exhaustion, can be grouped into five stages. First, occluded 
gases, which cannot be removed under atmospheric conditions, are 
driven off up to about 150°C. These gases are largely paraffin 
hydrocarbons, principally belonging to the higher series. Second, a 
a copious evolution of water appears at about 200°C. and continues 
up to 450°C. This is evidently water of constitution and its evolution 
is accompanied with the formation of a large percentage of the oxides 
of carbon. Third, between 200°C. and 300°C., organic sulphur 
compounds begin to decompose, as is manifest by the appearance of 
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hydrogen sulphide. The hydrogen sulphide evolution begins at 
-about 270°C. and practically ceases at 300°C. Within this stage, 
higher olefines begin to appear in the volatile products, but their 
evolution does not fall off until 350°C. is reached. Fourth, at 310°C., 
a reddish brown oil is driven off and thereafter liquids other than 
water are produced. As this evolution of oil is not accompanied by 
a marked evolution of gas, apparently oil is not necessarily to be 
considered a decomposition of the coal conglomerate. Fifth, at 
about 350°C., there isa rapid evolution of gas, accompanied by the 
formation of viscid oil, indicating a major decomposition stage, 
after which chemical transformations increase rapidly with the 
temperature rise. 


TABLE 25 
Gas analyses from vacuum distillation of Lancashire coal 


TEMPBHRATUREH 
CONSTITUENT Sea Ries ee Meas ERR ERTS STE ee SF So) Se Ge 


100°C 200°C. 300°C 400°C 

per cent per cent per cent per cent 
OF rane aie oaecret ota etic Bic a ade iat 4.0 8.4 50.1 19.2 
CO are eects cpasoi et ciora dent acaateeee 2.5 3.9 9.1 2.7 
AER gloss) cs tvot eeaar aie aiotaveite shste lsh cavenvet nine edt 0.0 0.6 1.8 16.0 
ORT Gane cami oie here CR eee 0.5 tel 2.6 
ORE gape tin eaceale ae Ws Oee Rae TEL 93.0 86.5 38.0 57.4 
Nae Ritts fan arcs arose cere fa Roa eC Ee ST 0.5 0.1 0.1 2.1 


It has been mentioned that the composition of the gas issuing from 
an internally heated retort is vastly different from that obtained in 
closed retort operation. Carbonization is effected in the Maclaurin 
retort by the sensible heat of producer gas. The gas obtained from a 
Maclaurin retort at 700°C. by Burgess and Wheeler (105) and in an 
externally heated horizontal retort of the Fuel Research Board (114) 
at 600°C. are compared in Table 26. The samples were taken from 
large-scale apparatus. The vast difference in the volume and 
calorific value of the gas obtained in the two processes is seen at once. 
The nitrogen and carbon monoxide are enormously increased by 
partial gasification, the former coming from the atmosphere and © 


the latter from the combustion of carbon in the manufacture of the 
producer gas. 
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The gas from low temperature coking can be passed through 
scrubbers and washed with certain solvents to extract the light oils, 
which may then be combined with the low-boiling cut from the tar 
fractionation to increase the yield of motor spirit. Scrubbing with 
creosote oil removes certain of the hydrocarbons, so that, after 
washing, a low temperature coal gas contains about 4.0 per cent 
carbon dioxide, 8.0 per cent carbon monoxide, 35.0 per cent nitrogen, 
46.0 per cent methane, and 4.0 per cent other hydrocarbons. Un-- 
fortunately, no data are available on the composition of this particular 
gas before scrubbing, so that the conclusions drawn must be limited. 
By comparison, however, with the 700°C. gas in Table 23, it will be 


TABLE 26 
Comparison of gases from internally and externally heated retorts 


HEATED 
CONSTITUENT 
Externally Internally 
Cubic feet gas per gross ton................. 3,150 27,700 
Petae MET CUDIC LOO s, ccmce.asiciaesid oii ciele dere 1,030 247 
Analysis: per cent per cent 
W@W ara lliniins CO crveis oericiare slang ial casbeersusianelnls e'asepate. Wak 6.2 
Oe erate bier alate cre: sikstic alera"s weieloncorstesehore waists 5.4 16.0 
CO) are easy AeA Tes ishe ai siscasiuuoseoteionens UG Wiis lo vant 13 0.6 
Marans castors nea hs avels ckonevararawyayecoienn asia atele ciel als wae 16.0 16.1 
Nie Be yeetenterans oyna lancorsa a,c acts toyepateearonas catae acest 9.3 48.1 
CCN een oO staan Noss Sas Ss shepecarg ele MarereryS 8.6 
(E15 leer 3 ae ar 2 pn ae mR Dei es ae ol ERE 52.4 13.0 


seen that the amount of saturated and unsaturated higher hydro- 
carbons has been greatly reduced by the treatment. 

Peat and Lignite. The Fuel Research Board (106) conducted a 
series of experiments on the winning of peat by carbonization in 
standard vertical retorts with the introduction of about 6 per cent 
steam. This work was carried on at moderate temperatures of 
about 900°C. in the heating flues, which for these retorts approx- 
imated low temperature conditions within the charge. The sample 
of peat tested had an ultimate analysis approximating that shown in 
Table 2, but it had been air-dried to a moisture content of about 
20.0 per cent. The volatile matter present amounted to 49.5 per 
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cent, with 26.8 per cent fixed carbon and 3.4 per cent ash. As 
charged, the peat had a heating value of about 7,675 B.t.u. per 
pound. The yield of products shown in Table 27 was obtained. 
The peat gas was very dense, owing to its high carbon dioxide content, 
but, despite this, it burned with a satisfactory flame of slight lumi- 
nosity. It was difficult to scrub light oil from this gas, because of the 
large amount of carbon dioxide present. 

Trenkler (107) has reported some tests by Miller on the coking of 
German brown coals at or below 500°C., which are reproduced in 


TABLE 27 
Yield of products and composition of gas obtained in carbonization of peat 


a 


TEMPERATURD 
CONSTITUENT 
980°C, 848°C, 
Yield per gross ton: 
Gablons diry-tariunceears acts calsies areas: 14.7 25.6 
PoumMesieh arcs scien we iste osaten Maree meron 592 594 
Pounds ammonium sulphate................ 29.2 24.8 
Cubicefeet Lagi eas ese k cues ewes «| 14,900 13,760 
Gas analysis: per cent per cent 
OL Fa aan rate Soe tues ame dinae alent lies eT RRrin ROU Amt 17.3 14.7 
OA cthe Sit ree em nS cre SN ren nea eR Dat 22.0 22.0 
1 Uae La Sar ea RTS ara a tee Ite a Me a 29.5 23.8 
LOU nat eine eb ea an a yl NA en 1.0 1.0 
Oe ee TD ana aire niece cia Mra AG Lalande ma satan 10.9 18.1 
TIN testes Nerslehscevena aly) aledaceaaiatinie ie Mee ralenice nolan lento r 19.2 20.2 
BGs per CuUDiG LOOtewosae iter wncuaie canter 296 310 
Specificceraviby: (iri) Lec seer k ee oats: 0.746 0.757 


Table 28 to give some idea of the results to be expected from treat- 
ment of this class of fuel. A further consideration of brown coals 
will be given under the name of certain processes particularly designed 
for this purpose. 

Benson and Canfield (108) investigated the possibility of winning 
Newcastle lignite, from the State of Washington, by low temperature 
distillation. This material, although of sufficient size for fuel, is 
generally considered too dirty to be worked. It contains about 12 
per cent moisture, 37 per cent volatile matter, 41 per cent fixed 
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carbon, 10 per cent ash, 1.4 per cent nitrogen, and 0.34 per cent 
sulphur. It has a calorific value of about 10,400 B.t.u. per pound. 
The yield and composition of gas obtained from this lignite when 
distilled at various temperatures is shown in Table 29. The de- 
composition of the lignite became marked between 300°C. and 400°C., 
as indicated by a large increase in the production of gas as well as by 
an increase in the proportion of hydrogen present within this temper- 
nature range. 

The American lignites differ greatly from German brown coals, in 
that it is impossible to form a stable and satisfactory briquet from 


TABLE 28 
Products yielded in carbonization of brown coal 


BROWN COAL 
CONSTITUENT 


Stier Hessian Hessian 
Coal analysis: per cent per cent per cent 
INEOTS EUR OL tie st parsln aie ites ticeie sien oa HEE 61.8 49.5 
TSOCICAT DOTS is atone ounss wees hae wees 38.5 17.7 29.5 
VOLS GUE MALLOr.2 os coe cee nie a enee oe 33.9 20.6 21.0 
ANG eee ete ros oer Mesien hast alo ug cision 7.9 4.5 15.4 
Bets sper DOUNC.. sare. sae awentee 7,600 4,100 3,900 
Yield per net ton: 
HBOUTRUO haters ng cose stiee ne ewake ion 904 408 900 
ROMINA MAI er bien Gaeta caret 90 150 48 
WUDICHEET PAB) ceoniccats ca meeicne cas 2020. 6,040 3,690 
Betew, per cubie fo0t-.........-.... + 372 441 387 


them by the simple procedure of drying and pressing into shape under 
heat and pressure. The reason for this is that the former contain 
insufficient binder to consolidate and waterproof the mass. On the 
other hand, lignite char, when briquetted, forms quite a satisfactory 
fuel and, if by-products can be recovered from its carbonization, 
the cost of its production may be materially lessened. Further 
results of experience in the carbonization of lignite and other low 
grade fuels will be given in connection with the discussion of the 
various processes with which experiments have been conducted and 
reported. : 

Shale. The distillation of oil shale has been carried on for many 
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years in Scotland and in France, but the two industries are of in- 
dependent origin. James Young, according to Redwood (109), while 
engaged in oil refining seems to have conceived the idea that oil 
originated from coal by distillation, due to subterranean heat. 
Young (110) tested a number of low grade fuels, which resulted in 
the patent on his first oil shale retort. Since that time, the industry 
has become well established in Scotland, although the financial 
status of the many companies engaged in this enterprise did not 
generally become satisfactory until 1900. In 1919, however, chang- 
ing economic conditions practically caused a shut-down of the 
Scottish shale oil plants, but some recovery has since taken place. 


TABLE 29 
Composition and yield of gas from lignite distillation 


i TEMPERATURE 
CONSTITUENT oe 

300°C 400°C, 500°C 600°C 

Cubie feet per net ton................ 2,070 4,850 6,910 8,310 

Analysis: per cent per cent per cent per cent 
KOLO Estey erase aiescleg a ae eee i Ma Awa aa 33.2 18.9 16.4 12.6 
O10 deter ure dte ees Gree Reta Mee riser 8.3 11.8 14.5 16.8 
et igratrss sear uc escore ohuecacaiece setae tan ane eens 0.9 9.8 13.0 15.9 
(Os Pde Seater ecole oak ce Roe Eis CR amor a LOW 21.2 18.4 17.2 
OVS p a ink ieee Scie eae ay Aire APE 0.8 0.4 0.4 0.4 
I steep Sara eal Oa Eo ee oS ES ans ak 42.7 32.3 32.2 31.8 
TMM ATL tS genta irie te ves coerce 3.8 5.0 5.1 5.3 


Naturally, the yield and composition of shale gas depends upon 
the composition of the shale and the conditions of retorting. Gas is 
evolved long before the first indications of oil appear and it continues 
for a long time after the eduction of oil ceases. However, the 
evolution of gas drops off rapidly after oil is no longer produced. 
According to Mills (111), Scotch shales have an average ultimate 
analysis of 25.3 per cent carbon, 3.7 per cent hydrogen, 5.7 per cent 
oxygen, 1.1 per cent nitrogen, 0.5 per cent sulphur, and 63.8 per cent 
ash. Most American oil shales contain from 2 per cent to 4 per cent 
sulphur and the gas contains from 1.5 per cent to 6.0 per cent hydro- 
gen sulphide, the greater part of which is evolved in the early stages 
of distillation. Garvin (112) has reported the composition of shale 
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gas from Scottish and American practice. The gases in Table 30 
from the Colorado and Utah shales were obtained under conditions 
of dry distillation, whereas that from the Scottish shale was obtained 


TABLE 30 
Composition of gas from Scottish and American shales 


SHALE 
CONSTITUENT 
Colorado Utah Scotch 
Cubic feet per net ton................ 1,120 1,219 9,800 
Bette spor CWOIG: LOObar. sa. spre eae Se 1,079 765 303 
Analysis: per cent per cent per cent 
(LOS 5 & StS Sees ER een RR aE 13.8 1170 20.0 
CHOI Sz ate ces Bene Re eR SENS I Ra TAA 4.4 3.9 4.3 
1B Ueto eget ASS eC eR Reis 30.2 47.5 34.2 
COMEDY COB] E I ICC nur Aare har eat re oe 42.0 34.5 10.8 
(Circ lpinenasay anes hen acy MG tarp epee eee rey ye 11.6 3.1 3.1 
Oa’ sole Sree Sy ae eee an, 2 6.0 0.0 Sil 
INinyiolnd SOS Sees TRE OL a OO eR Oa ee 0.0 0.0 22.6 
TABLE 31 
Effect of oxidation on analyses of oil shale gas 
CONSTITUENT RAW OXIDIZED 
Yield: 
Gallonsioil*per net: toms... <sdessses aos 70.6 31.9 
Cubic feet gas per net ton................ 1,660 1,800 
Gas analysis: per cent per cent 
(CLO Gh AS IPAS ROE RE A Cie ec RE Ree Et 18.2 37.9 
AO Oram ty Raced chetyaiatietls Cea ceelatheerS waives wea 5.3 7.8 
lBlon a coos WS ete BE ee Oe Eee ee acto eter 34.8 22.1 
(CIE ya od Waa at ac Aaa RO GOR ie ee cane renee nee 13.5 17.9 
\SEIHUS pe be cncpetene hte SNS sah ae AID Se RC Re 13.7 7.4 
IN Ree cite Tecan tere ono Ceanees tuerate marcas 0.2 
LEDS SEM aie tet eta ale ree Sara mies 4.9 4.1 
UM ETTAATI AT GBs raph seis Sateen oid echo leietnare oe 9.6 2.6 


from steaming the retorts. It will be observed later that the ad- 
mission of steam during carbonization introduces several desirable 
complications into the process, among which is a partial formation 
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of water gas, thereby accounting for the production of a large quantity 
of low thermal value gas. 

Finley and Bauer (113), in distilling some American oil shales 
at 1000°F., found considerable effect in the analysis of the gas caused 
by oxidation of the shale before carbonization. It will be seen in 
Table 31 that preoxidation reduced the oil output 55 per cent, 
increased the amount of carbon dioxide in the gas 120 per cent, and 

decreased the amount of hydrogen 37 per cent, as well as causing an 
- inerease in the proportion of methane and a decrease in the proportion 
of ethane and illuminants. 

Time Effect. In any industrial process, the time required for the 
necessary operations is of primary importance. The overhead 


TABLE 32 
Effect of distillation period on gas yielded by Pennsylvania coal at 350°C. 


168 240 


CONSTITUENT 1 nour |24 HouRS|54 HoURS|96 HOURS HOURS | HOURS 


Cubic feet gas per gross ton...| 43 280 407 494 594 679 


cubic feet| cubic feet|cubic feet |cubic feet |cubic feet | cubic feet 


C om post tion: per ton | perton | perton | perton | perton | per ton 
GO ier Nie eines ecm ncn ty ead 25.2 35.9 | 35.9 | 41.2) 37.7] 44.9 
CO ee eaten Masini treet 9.0} 12.6] 14.3] 19.8] 28.8 
16 Som NN ka ede pe Mere 16.2 | 27.0} 34.2] 45.0] 52.1 
de Os eer a eae istidate ioe aha: eatekons 3.6 25.2 | 28.8] 32.2] 32.3] 37.7 
Saturated hydrocarbons..... 165.2 | 257.2 | 320.0 | 392.0 | 424.0 
Unsaturated hydrocarbons. . 16.2] 45.0} 52.1] 66.5] 68.3 


charges demand the maximum output per unit of investment and this 
can be attained only through reduction of the time interval between 
raw material and finished product. In their work on the volatile 
products of coal carbonization, Taylor and Porter (98) made some 
important observations on the yield and composition of low temper- 
ature gas, as a function of the time of distillation. Table 32, Table 
33, Fig. 13, and Fig. 14 have been compiled and plotted from their 
data, converted for convenience to units per gross ton of coal. 
Table 32 admirably illustrates what a large part of the gas is 
composed of saturated hydrocarbons, as compared with the other 
constituents. The yields of the oxides of carbon, of hydrogen, and 
of hydrogen sulphide are not greatly increased beyond 25 hours of 
carbonization at 350°C. with Pennsylvania coal. The unsaturated 
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hydrocarbons increase but little beyond the 50 hour period, but the 
saturated compounds continue to be evolved in large quantities, 
although at a constantly decreasing rate, even to beyond ten days. 

The results with Wyoming coal are shown in Fig. 13. Contrasted 
with the harder Pennsylvania coal, we find that carbon dioxide has 
moved from one of the minor to the chief constituent of the gas, and 
that carbon monoxide, too, has become a major constituent. With 
Wyoming coal, heated at 350°C., over a long period, the amount of 


Fra. 13. Composition oF Gas FROM WYOMING COAL AS A FUNCTION OF TIME 


ammonia, hydrogen sulphide, and unsaturated hydrocarbons evolved 
increases only slightly beyond 25 hours of retorting. Hydrogen 
has a steady increase, but even after ten days remains the smallest 
proportion of the gas. 

Even after prolonged heating of 240 hours at 350°C., the entire 
volatile matter of coal is not removed. Subsequent treatment of the 
residuum at higher temperatures will yield further and even more 
voluminous products. The residuum from Pennsylvania coal, 
discussed in Table 32, was submitted to such an experiment and the 
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composition of the gas is indicated in Table 33. By comparison 
of the two tables, it is seen that the yield of hydrogen becomes second 
in importance when the coke is subsequently heated at 450°C., 
after preliminary carbonization at 350°C. The saturated hydro- 
carbons are still the major components of the gas, while the other 
constituents remain of minor importance as before. 

Fig. 14 shows the total gas evolved from Pennsylvania and Wy- 
oming coals and from the residuum of Pennsylvania coal, previously 
heated for 240 hours at 350°C. It will be seen that almost 500 
per cent more gas is evolved from the coal residuum than from the 
original coal, when the temperature is advanced but 100°C. 


TABLE 33 
Residual gas evolved from 850°C. Pennsylvania coke at 450°C. 


100 180 
CONSTITUENT 1 Hour |10 HouRS|20 HoURS/40 HoURS|60 HOURS Search|) SKE 


Cubic feet gas per 


BTOSS GONG. worse cies 316 | 1,550 | 1,880 | 2,090 | 2,230 | 2,410 | 2,630 
a cubic feet |cubic feet \cubic feet \cubic feet |\cubic feet \cubic feet | cubic feet 
(oy omposition: per ton | perton | perton | perton | per ton | perton | per ton 

COs ees nace 9.0} 384.2} 39.6} 46.7) 48.5) 50.4) 57.6 
CONES ine ee tnne es 9.0) 62.9) ~ 72.0) 77.3} 90.0) 107.9) 113.3 
3 Ch aeteer graye bean auee, 4) 35.9) 368.8] 489.1) 602.8) 674.5) 784.0) 899.5 
NAG Sie tisccae ae mecha none 32.4) 72.0} 107.9) 115.0) 115.0} 116.8] 118.6 
Saturated 

hydrocarbons...... 215.8) 935.0)/1,043.0}1,150.0/1, 205 .0}1 ,259.0/1, 341.0 
Unsaturated 

hydrocarbons...... 9.0): 68.7)" 61. 1)) 61.1)) * 62.9) 262, Ole Giar, 


During the first few hours after charging, in coke ovens operating 
at 1000°C., the gas evolved approximates the composition of low 
temperature gas. The layers of coal a short distance from the retort 
wall do not reach the higher temperatures until the lapse of con- 
siderable time. The illustration in Fig. 15 shows the change in 
composition of the gas from an Otto coke oven, operating at 1000°C., 
as a function of the time after charging (89). 

Examination of Fig. 15 makes it evident that, during the first 
two or three hours after charging, the gas has all the characteristics 
of the low temperature product, that is, high calorific value, exceeding 
800 B.t.u. per cubic foot; high percentage of saturated hydrocarbons, 
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represented in this case by methane; relatively low hydrogen content; 
and minor percentages of carbon monoxide and unsaturated hydro- 
carbons. As the period of carbonization is extended, the interior of 
the mass of coal reaches the higher temperature and the composition 
of the gas alters accordingly. Finally, after 20 hours of retorting, 
the thermal value of the gas falls to about 400 B.t.u. per cubic foot 


GO 
Time, Seconds 
Fia. 16. InrtrAL ABSORPTION OF HEAT FROM RETORT WALL 


and hydrogen becomes the main constituent. As the time proceeds 
and the average temperature rises, the percentage of carbon monoxide 
remains about constant, while the proportions of both the saturated 
and unsaturated hydrocarbons constantly decrease. The un- 
saturated compounds are represented mainly by ethylene. It is 
interesting to note, in the illustration, the parallelism existing 
between the percentage of methane present and the thermal value 
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of the gas. This is easily understood when it is recalled that the 
calorific value of methane at constant pressure is 1072 B.t.u. per 
cubic foot, while that of hydrogen is but 347 B.t.u. per cubic foot, so 
that the resultant heat value of the gas is largely dependent on the 
percentage of saturated hydrocarbons present. 

No data are available on the initial gas evolution and the tem-_ 
perature adjustments when raw coal is introduced to a heated retort, 
but Taylor and Porter (98) have made experiments on small quanti- 
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Fig. 17. Rate or Gas EVOLUTION AND CALORIFIC VALUE AS A FUNCTION OF 
TIME 


ties of Pennsylvania coal plunged into a tube heated to 1000°C. 
The curves in Fig. 16 show how the coal absorbs heat from the walls 
of the retort with a corresponding reduction in their temperature. 
As the charge absorbs heat, the wall temperature falls until at the 
end of about 30 seconds the layer of coal next to the wall has reached 
the equilibrium temperature, then the whole mass gradually absorbs 
heat and rises in temperature. Over 30 per cent of the volatile 
matter was evolved during the first 30 seconds of heating and there- 
after the increase in gaseous evolution was comparatively slow. 
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The Fuel Research Board (114) has investigated the effect of the 
time element in the low temperature carbonization of five British 
coals in horizontal retorts. 'These experiments were conducted on a 
large scale at 600°C. The average results are represented graphically 
in Fig. 17. The initial evolution of gas during the first 40 minutes, 
as shown in the illustration, consisted mostly of carbon dioxide and 
some air expansion. After reaching a minimum, the rate of gas 
evolution attained a maximum after about 2 hours of retorting. 
At this point, the charge yielded gas at the rate of over 1.1 cubic 
feet per minute per hundred pounds of coal. Thereafter, the rate of 
evolution gradually fell to less than 0.20 cubic foot per minute per 
hundred pounds after 5 hours of carbonization. The calorific value 


TABLE 34 
Products of vacuum distillation of United States coals at 600°C. 


PENNSYL- WEST 


CONSTITUENT ae Mes Fa fe RAL Abie rres, 
Cubic feet gas per gross ton......... 4,240 4,980 5,650 6,440 
Analysis: per cent per cent per cent per cent 
COG a alee Aa cO aid conreim anette 2:3 3.2 5.6 17.5 
COR acne RO eee ats Tia Aero 6.4 4.4 12.0 16.3 
DS ee aes ee cic aes Pea am Cant are is Pati 44.7 46.8 44.9 38.3 
INS PEIGO OLCHaa mies mete viata: 2.9 1.2 1.8 3.0 
CORE preset eae Wace Sire shoe enea eine 40.4 41.2 33.5 23.1 
Unsaturated hydrocarbons.......... 3.3 3.3 2.3 2.0 


of the gas had a rapid rise to a maximum of 1200 B.t.u. per cubic 
foot slightly before the rate of evolution reached its highest point. 
It then fell rapidly and flattened out, after 3 hours, at a thermal value 
above 600 B.t.u. per cubic foot. 

Taylor and Porter (98) found that the rapidity with which the coal 
is heated has little effect upon the composition of the gaseous 
products, when the gas evolved is immediately removed from the 
carbonization chamber. When Pennsylvania coal was carbonized 
at a maximum temperature of 1050°C. over a period of 270 minutes 
and compared with another sample brought to the same temperature 
in 6.5 minutes, it was found that the only appreciable change in the 
composition of the gas was a slight increase in the percentage of 
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hydrocarbons present and a corresponding decrease in the proportion 
of hydrogen. Thus, in the first case, the hydrocarbons made up 
21.3 per cent and the hydrogen 69.1 per cent of the gas, while, in the 
second case, they composed 26.7 per cent and 63.1 percent, re- 
spectively. The other components of the gas remained practically 
unchanged in their proportions. 

Vacuum Effect. The destructive distillation of United States 
coals in vacuo at temperatures ranging from 250°C. to about 1000°C., 
has also been investigated by Taylor and Porter (98). Due to the 
different periods of carbonization which they selected, no comparative 
data can be drawn, except for two temperatures, but these will serve 
to show the effect of vacuum distillation at both high and low 


TABLE 35 
Products of vacuum distillation of United States coals at 1050°C. 


PENNSYL- WEST 


CONSTITUENT _ vin sors mace ee eaters 

Cubic feet gas per gross ton......... 10,000 | 12,920 | 10,980 | 11,000 

Analysis: per cent per cent per cent per cent 
CORR eh yeti y nomdinn Umass aap sos aes 1.5 1.4 3.3 9.7 
OLON sitns th NEDO HO OMMESIT CoN aon eee 5. 3. 9.8 17.5 
Bb, cake aera cEe trace ear Mec ear eee PT 70.1 76.6 67.3 58.5 
INI ae ela Sy Ot Gin ccc escilas Giiens alta 1.5 0.4 0.9 0.6 
CSM ay cass senna va Edin aap CHEER OR 20.1 iv éal Lek 12.2 
Unsaturated hydrocarbons.......... 1.9 1.2 Lei 1.5 


temperatures. The duration of carbonization was 6 hours at 600°C. 
and one hour at 1050°C. We have already seen in Table 24 and in 
Table 25 the effect of vacuum distillation on two British coals at 
somewhat lower temperatures. 

Table 34 affords another excellent example of the effect of the con- 
solidation of the coal on the quality of the gas yielded, as pointed out 
in Table 21. Like the Welsh coals, vacuum distillation of United 
States coals increases the hydrogen content of the gas evolved and 
decreases the percentage of hydrocarbons. 

A critical comparison of Table 34 and Table 35 shows that increas- 
ing the temperature of distillation in vacuo of American coals from 
600°C. to 1050°C. almost doubles the amount of hydrogen present in 
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the gas and approximately decreases by half the proportion of 
saturated hydrocarbons present. Very little change in the amount 
of unsaturated hydrocarbons and oxides of carbon was observed. 
Secondary Decomposition. We have seen that the fundamental 
purpose of low temperature carbonization is to obtain primary 
decomposition products from coal and its related solid fuels. Super- 
imposed upon this task is the equally difficult problem of preventing 
secondary decomposition of the volatile products after they have been 
educed from the charge, thus entirely defeating the purpose for which 
this special branch of destructive distillation was designed. If, 
after liberation, the volatile matter is allowed to become superheated 


TABLE 36 
Secondary reactions induced by superheating low temperature gas 


NORMAL GAS | SUPERHBATED | SUPERHEATED 
2, 


SAORI SORES AT 450°C, to 750°C, To 800°C, 


per cent per cent per cent 


WV OLUINIG) IN. CLEASE isaac. sia: isi cs seafe si Sacer oes 0.0 8.6 13.9 

Analysis: 
Oa Reiser tar SEU Wal cua ans ean Coste ans 11.5 10.6 10.2 
CORBI Bate Mitre opine ee aatae base Mpa ats 8.4 7.9 8.4 
dB SLE GRIP a di Bae iee He era 11.9 11.0 15.5 
BN a esee eo ahers Gea te LN ce area Ne oe aver heey 2:1 1.5 
LOP1B BSS ania cpr iaaae mene ames Vat a ce Mat allan 58.1 56.7 50.3 
NHs, HS, LET lar re pai PN ed Mean ORE IBA 1.8 1.0 0.7 
Unsaturated hydrocarbons.......... 6.6 10.6 13.5 


or to come in contact with incandescent surfaces, secondary reactions 
set in and the composition of the products is changed accordingly. 
In continuing their research, Taylor and Porter (98), made an 
investigation of this phenomenon. Table 36 gives some quantitative 
results obtained by superheating low temperature gas secured from 
the carbonization of Illinois coal at 450°C. 

Superheating tends to crack the heavier saturated hydrocarbons, 
with the formation of hydrogen and unsaturated compounds. 
Similar observations were made on Pennsylvania coal gas obtained 
at 475°C., except that the area of heated surface to which the gas 
was exposed was considerably altered. In the first case, the heated 
area was reduced in size and increased in temperature by passing 
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the gas over a glowing wire and, in the second case, the area was 
increased by the presence of a column of broken firebrick. The 
catalytic effect of even small incandescent surfaces is really interest- 
ing. In Table 37 we see that the saturated hydrocarbons have 
been dehydrogenated, as evidenced by the decrease of the percentage 


TABLE 37 
Secondary reactions induced by highly heated surfaces 


AFTER PASSING 


cons NORMAL GAS AT 
ONSTITUBNT 450 C. Mga A 
Cubic feet gas per gross ton ............6..- 1,260 2,560 
Analysis: per cent per cent 
SO eres Sic See ONT IR ok TR SER 4.4 3.0 
GORE rettieis tie at atid erates totes a eaNe 3.9 4.9 
Eanes ere eter Nacsa c traloa cise nae aloo ws aoe 6.9 18.1 
SL SPAY SERS aaa A oR SAeeTERE 72.3 51.4 
PUPP TON. te cuk oe Cosas edo ge 5.8 3.8 
Unsaturated hydrocarbons................. 6.8 18.9 


TABLE 38 
Catalytic effect of brick column on secondary reactions of gas 


NORMAL GAS | SUPERHEATED SUPERHEATED 


CONSE EO RE AT 475°C. To 550°C. To 650°C 
Cubic feet gas per gross ton.......... 1,410 1,490 2,650 
Analysis: per cent per cent per cent 
meet oete a ichaten Niel ele ralcr gi ale vavakantae snc mieie i> 5.0 4.3 3.3 
(ChE As cae ie SRR te ce ai) 2.9 4.3 
IB EG a AcOR SSG RC OCS SERINE CIE InG 5.3 6.4 13.1 
(OS a oie le ps ly Aa ee nile eve tetey elie tuts 73.0 73.0 62.0 
Ns, HS, GUC E a nceeaie cr atelertry etalerelae 4.7 3.9 2.8 
Unsaturated hydrocarbons.......... 7.6 9.2 14.5 


of saturated compounds present and by an increase of almost 300 
per cent in the proportions of hydrogen and unsaturated hydro- 
carbons. 

Table 38 shows that the temperature at which cracking manifests 
itself, in the case of Pennsylvania coal, is fully 150°C. lower than in 
the case of Illinois coal, discussed in Table 36. It is unlikely that this 
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difference in cracking temperature arises from the nature of the coal 
carbonized, but it is probably the result of the increased catalytic 
surface presented by the brick column. This investigation was 
extended to the case of reduced pressure, both with and without the 
presence of broken brick. It was found that, with a pressure below 
4 em. of mercury, the cracking temperature rose from 650°C. to 
about 800°C. in both cases, the only effect of the brick column being 
to increase the total volume of gas and the percentage of hydrogen. 

Gaseous Atmospheres. The effect of various atmospheres on the 
modification of Illinois coal by low temperature distillation has been 
investigated by Parr and Francis (30). They carbonized coal in 
atmospheres of oxygen, nitrogen, and steam, and studied the character 


TABLE 39 
Composition of gas evolved under atmosphere of nitrogen 


TEMPERATURE 
CONSTITUENT 
340°C, 370°C, 380°C. 
Cubic feet gas per gross ton.......... 306 394 392 
Analysis: per cent per cent per cent - 
GOA ees eich arte ies Ree ae a RRA 50.3 24.8 20.8 
COP AED ee E anit ants ee ie AR ERT 19.3 11.0 11.6 
(lS PRS SER Sena oe aa nee NRE 5.8 46.7 46.5 
dB ISSIR of heteaey beg ne ecto Seed cae nea CR 4.6 3.5 3.5 
Diumingants:eereeacsemnncs acolo 20.0 13.6 17.4 


of the coke and gas under these conditions. Table 39 shows the 
result when Illinois coal was coked at various temperatures in an 
atmosphere of nitrogen. ‘This table, as well as Table 40, has been 
-eomputed to a nitrogen and oxygen-free basis. As may be expected, 
less carbon dioxide and more hydrogen was present in this case, than 
when an atmosphere of oxygen was used, as indicated by Table 40. 
The greatest effect on the composition of the gas evolved under 
nitrogenous atmospheres seems to be in the illuminants. The 
proportion of these heavy hydrocarbons was greatly increased, as 
may be seen by comparing Table 39 with Fig. 11. 

Table 40 shows the effect of carbonizing Illinois coal for 4 hours 
in an atmosphere of oxygen. The most important point to be noted 
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here is the high percentage of carbon dioxide present which, coupled 
with the fact that temperature variations occured which were wholly 
independent of the external heating, is positive evidence that oxida- 
tion of the charge has taken place. This should be compared with 
Fig. 11, where it is seen that, in ordinary atmospheres, the percentage 
carbon dioxide in the gas normally decreases with the temperature 
rise. No hydrogen was evolved up to 380°C. 

Steaming. It has been pointed out that superheating the primary 
gaseous products introduces secondary reactions and that large 
moderately heated surfaces, as well as small incandescent surfaces, 
catalyze the cracking of the saturated hydrocarbons. The primary 
object of steam distillation in the carbonization of coal is to remove 


TABLE 40 
Composition of gas evolved under atmosphere of oxygen 


TEMPERATURE 
CONSTITUENT 
280°C 350°C 380°C. 
Cubic feet gas per gross ton.......... 26 160 313 
Analysis: per cent per cent per cent 
CO peer atka ote Scisi-les'sis aye atic Hee woeus ie 34.6 49.0 36.4 
CO cae Rin Fiche. dues ais ese d eer ewes 16.3 15.6 13.5 
Ee anche eis arsty Nace eels who naern 46.1 29.0 40.0 
MUL UTINIIT ANTS saeco toms telat visitas atereists, oe 0.0 5.8 10.1 


quickly the volatile products, so as to prevent their coming in contact 
with the hot retort walls. By suitably regulating the flow of fresh 
steam, the gases and vapors can be swept clear of the retort and the 
cracking effect largely reduced. Of secondary importance, and 
sometime of undesirable consequence, is the reaction between the 
steam and coal which tends to increase the gas evolved at the expense 
of the coke yield. The physical chemistry, determining the extent 
to which this action occurs, will be discussed later. 

In low temperature carbonization, only a small amount of decom- 
position takes place when steam is introduced into the retorts and, 
if any reaction with the charge does occur, the dioxide, rather than 
the monoxide of carbon, is more likely to be formed. This will 
cause a decrease, rather than an increase, in the total calorific value 
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of the gas. Therefore, any value that steaming may be found to 
have in low temperature methods must be of a physical rather than 
of a chemical nature. Thus, the steam absorbs heat in the hot bed 
near the bottom of the retort and distributes it through the cooler 
portions of the fuel bed near the top, thereby assisting in the transfer 
of heat throughout the charge. This function has been adequately 
illustrated in Fig. 9. 

The Fuel Research Board (115), as a result of their experiments on 
the steaming of coal during coking, recommend that high temperature 
vertical retorts should never be used with less than 5 per cent of 
steam. This was found to increase greatly the heating quality of the 


TABLE 41 
Effect of steam distillation on high temperature gas 


5 10 15 20 
CONSTITUENT PER CENT PER CENT PER CENT PER CENT 
STEAM STEAM STHAM STEAM 
Duration hours jcc wean eee eels 144 120 168 72 
Cubic feet gas per gross ton......... 15,690 | 16,980 | 18,950 | 19,980 
Bay per cuble footie sain cnet 503 492 469 457 
, Analysis: percent | per cent per cent | per cent 
CO} Ee ASS es au Akar i vt Pte 2.0 3.4 4.2 5.4 
COM halen Macy colut raaneharatele 11.1 13.9 16.2 16.5 
CO 2 Uae UR eg a a RS aa ae 25.3 22.0 19.4 18.7 
Grell PA ieeebarentatanc reer Muon oN CUM anang And 2.0 2.1 1.9 1.9 
1 ei ice AL GU He Ae a 51.1 52.4 51.7 50.8 
Oe AGEN Huot tor ataeatargaraiet 0.7 0.6 0.4 0.2 
IN aS Comins Deanna cena Ni iceetn diel 7.9 5.4 6.3 6.9 


gas and the yield of ammonia. Steaming has not proved practical 
in horizontal retorts in experiments so far conducted. The effect 
of various percentages of steam on high temperature gas, as de- 
termined by the Fuel Research Board using Arley coal, is shown in 
Table 41. The carbonization was carried on at 1170°C. 

As the percentage of steam increases, the volume of gas becomes 
greater and the thermal value decreases. It will be shown later that, 
in this case, the temperature is too great to favor the formation of 
carbon dioxide in the presence of steam, but that there should be an 
increase in the carbon monoxide present. That this is the case, 
may be seen by reference to the table. The percentage of methane 
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slightly decreases 4nd, doubtlessly, this in part accounts for the lower 
heating value of the gas. Carbon monoxide has a calorific value of 
only 341 B.t.u. per cubic foot as compared with 1072 B.t.u. per 
cubic foot for methane, so that the increase in the percentage of 
monoxide cannot be expected to compensate, from a calorific stand- 
point, for the decrease in the proportion of methane. The other 
constituents of the gas are not greatly influenced by the presence of 
steam. 

Investigations, on a laboratory scale, of the effect of steam in low 
temperature carbonization were made by Davis and Parry (97), who 


TABLE 42 
Steam distillation of Pennsylvania coal at low temperatures 


WITHOUT STHAM WITH STEAM 
CONSTITUENT Temperature 


550°C, 650°C, 475°C. 550°C. 650°C, 


Cubic feet gas per net ton....... 3,400 | 7,200 | 1,500 | 4,100 | 7,200 

B.t.u. per cubic foot............. 684 681 640 

Analysis: percent | percent | percent | percent | per cent 
COR sees eis tain k's esorestentie 2.2 2.7 3.7 4.1 5.6 
OM Meets sano cineca eek: 4.1 5.5 3.4 4.3 7.2 
1S IN ge ae Mi aie tae eae RE ie 8 28.1 47 .2 12.5 29.1 51.8 
Oa eer cs oc Mrsins siiachats 0.8 0.3 2.6 1.4 0.7 
(OLE. ae en eee Ree eer Te 471° 33.7 38.7 44.2 24.0 
OR yc aera aes ie sits 10.1 8.3 22.4 8.7 8.6 
BN ane eae toiko a crarsrstaeinrn) die aw wa Slats 7.6 2.3 16.7 8.2 2.1 


studied Pennsylvania coal. In the large-scale experiments of the 
Fuel Research Board, shown in Table 43, only up to 20 per cent steam 
was admitted, while in this case up to 88 per cent steam was passed 
through the retort to sweep the chamber clean of gas five to seven 
times a minute. While the greatest possible effect would be obtained 
by agitating the coke, stirring of the charge was avoided in order 
not to introduce another variable and nullify the comparative value 
of the data. There are so many variables in low temperature 
carbonization that it is best to reduce these to a minimum for sim- 
plicity of interpretation. 
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The effect of steam in this case is plainly evident. Comparing 
the distillation with and without steam at corresponding tem- 
peratures, it will be observed that the percentage of carbon dioxide 
just about doubles in the presence of steam, while the carbon monox- 
ide is only slightly increased at 650°C. and remains practically 
unchanged at 550°C. This, together with the increase of hydrogen 
content, is indicative of the following reactions: 


H.0 + C2CO + Hz [12] 

2H.0 + C--CO0, + 2H, [13] 

The data in Table 42 show that the first reaction, represented by the 

foregoing chemical equation, is hardly apparent at all at 550°C., 
TABLE 43 


Effect of steam distillation on low temperature gas 


0.0 PER 7.3 PHR 13.5 PER 20.0 PpR 
CONPE LEC SE CENT STHAM|CENT STHAM|CHNT STHAM|CBNT STEAM 


Cubic feet gas per gross ton.......... 7,190 6,700 7,350 7,750 

BaLweper cubictootuw..ui.cnoet ss oot 585 602 594 573 

Analysis: per cent per cent per cent per cent 
OO a eg Meet easing tee aoa 4.9 5.6 5.6 7.2 
CORN time bisa «man ss BR AAO a 11.2 8.5 9.7 10.0 
AEA rate tere endo Ee Oistine in. cape Pa oboe eye 82.2 35.5 37.6 38.0 
ODN RI oh as loath rah cindy ne See eben sate 0.2 0.2 0.2 0.2 
COM ER er ohh ores ee pales Sone I nS UM ree 4.7 5.0 4.8 4.5 
(REL patio geud tars nonce thc k Mtron eG ace 33.0 33.4 33.0 82.5 
J Se een nye rates at Meer Miele thal 2 agi A 13.8 TiS O.1 7.6 


but takes place to a minor extent at 650°C. On the other hand, the 
second reaction occurs to a considerable degree even below 500°C. 

The experiments of the Fuel Research Board (92) on the effect of 
steam in low temperature carbonization were carried on in Glover- 
West vertical retorts, using a blend of 60 per cent Mitchell Main, a 
coking coal, and 40 per cent Ellistown Main, a non-coking coal. The 
temperature of distillation ranged from 850°C., at the bottom of the 
retort, to 700°C. at the top. Examination of Table 43 discloses that 
the introduction of steam has little effect on the percentage of carbon 
monoxide, but that there is a slight increase in the proportions of 
carbon dioxide and hydrogen. It may be concluded, therefore, that 


LOW TEMPERATURE COAL GAS “a 


there was a slight reaction between the steam and coal and that this 
took place in accordance with the principles deduced and in agree- 
ment with the data derived from the work of Davis and Parry. 

It cannot be concluded that steam has any effect on the remaining 
components of the gas, but it will be observed later that, under certain 
conditions and in certain processes, the introduction of steam during 
carbonization has a beneficial effect on the removal of sulphur from 
the coke. 

Physico-chemical Equilibrium. From the standpoint of physical 
chemistry, it is necessary to consider four reactions when steam is 
passed into a hot coal bed. Of these, two are primary reactions, 
represented by Equation [12] and Equation [13], previously men- 
tioned, and two are secondary reactions, indicated as follows: 


C + CO. 22C0O [14] 


With reference to Equation [15], we have by the law of mass action, 


(H,0) x (CO). _ 


(i) x co) ~~ 6) 


In other words, the product of the concentrations of the reagents 
divided by the product of the concentrations of the products is a 
constant at any given temperature, regardless of the proportion of 
the components present at the beginning of the reaction. The 
constant, K, however, is a function of the temperature, as expressed 
by Van’t Hoff’s equation: 

d log. K Q 


dT RT? 7] 


where 7’ is the absolute temperature; Q, the heat evolved in the 
reaction, and R, the universal gas constant (1.985 calories per degree). 


The integral, 
Oda T. 
loge K = j RT? [18] 


cannot be solved directly because, Q, is a function of, 7, and this 
relationship must be established by experiment. Such experiments 
have been performed and it has been determined that the constant 
has the following values, according to Landolt-Bérnstein (116): 


72 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


Temperagurer: cc ewex ween wns 686°C. 886°C. 1005°C. 1205°C. 
FR rT a rata habe ean enaterer aioe 0.534 1.197 1.620 2.600 


Equation [15] is a first order reaction and, in such a case, the rate 
of formation of the product is proportional to its own concentration 
and to a coefficient known as the specific reaction rate, that is, 


d (CO) 
dt 


= k, (CO) [19] 


As the equilibrium is a dynamic one, the reverse reaction must be 
considered also: 


d (CO) 


a Be (COs) [20] 


This, too, is a first order reaction, because in the carbonization of 
coal, sufficient hydrogen is liberated to cause no appreciable decrease 
in its concentration. The resultant rate at which the monoxide is 
formed, therefore, is the difference between these two equations: 
ae a = 20) _ ACO») = (CO) — (CO) 21} 

Now the equilibrium constant, K, is equal to the ratio of the specific 
reaction rates of the direct and reverse reactions, K = ki/ke, from 
which it will be seen that, if the value of the equilibrium constant is 
greater than unity, the rate of formation of the monoxide, in ac- 
cordance with Equation [15] is positive and, if K<1, then the rate of 
formation is negative. In other words, it becomes possible at any 
temperature to determine the extent to which the reaction occurs. 
In the simultaneous occurrence of reactions [12] to [15], therefore, 
it may be determined, with sufficient data available, which reaction 
predominates. At any given temperature, it depends merely upon 
the rate at which equilibrium is established. 

At temperatures below 700°C., reactions [13] and [15] predominate, 
so that the steam reacts with the coal to produce the dioxide and any 
monoxide that is formed is oxidized to the higher compound. The 
reaction velocity of Equation [14] is slow in any case, so that its 
effect is negligible. Above 700°C. reaction [15] is very rapid, while 
beyond 1000°C. reaction [12] becomes of first importance. These 
theoretical deductions are substantiated by the data given in Table 
41 and in Table 42. 


CHAPTER III 


Low TEMPERATURE CoaL TAR 


Eduction of Primary Tar. Designation of the condensible products 
from low temperature carbonization, taken collectively, as a tar is 
most unfortunate, for they more nearly resemble oils or petroleums 
than they do tars. Since it has become well established by prior 
usage, the name tar will be retained in this volume and the term 
primary tar will be used synonymously with low temperature oil. 
This confusion in terminology has caused a great deal of misunder- 
standing and may persons have thereby been led to evaluate low 
temperature crude oil in terms of high temperature coal tar, to which 
it bears very little relation. 

Like any industry in the early stages of its development, the 
products of low temperature carbonization have had no established 
market in the past. This applies in particular to the primary oil. 
The chief assured industrial uses of low temperature tar, at present, is 
as a crude stock for the preparation of creosote oil and as a liquid fuel. 
While the valuable by-products, which may be obtained by frac- 
tionation of the tar will doubtlessly find industrial favor eventually, 
no such outlets can at this time (1928) be guaranteed. There are 
but few plants operating on a large scale, and, consequently, no 
standard method of industrial analysis has been developed, despite 
the quality and quantity of work that has been done in the study of 
low temperature tar by numerous investigators. For the most part, 
these workers were interested more from the chemical than from the 
engineering standpoint and, therefore, planned their investigations 
more from the standpoint of science than of technology. 

The attitude of the tar distillers, in regard to low temperature tar 
at the present time (1928), appears to be that its refinement will 
require extensive alterations in their plants, due to the manner in 
which primary tar differs from the high temperature tar, which they 
are accustomed to handle. The absence of regularly operating large 
scale low temperature carbonization plants of sufficient capacity to 
assure them of dependable quantities of raw material has thus far 
rendered the necessary changes impractical. This situation is 
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rapidly being remedied and will be overcome in proportion as sources 
of raw material increase and as markets for the refined products 
develop. 

According to Parrish (117), whatever coal may be used in the same 
high temperature coke oven, the resultant tars resemble each other 
to a great extent. Primary tar, on the other hand, is much more 
closely allied to the coal from which it originated and variations in 
the composition and quantity of the tar yielded follow more closely 
variations in the character of the coal from which it was produced. 
It will be observed later, that, in general, the younger the coal and 

the greater its oxygen content, the greater is the quantity of low 
- temperature tar yielded per unit of weight. 

The influence of the conditions of carbonization can almost wholly 
be attributed to the action of heat upon the tar vapors. The effect 
of these conditions on the low temperature tar has already been 
alluded to in the definition of low temperature carbonization. Aside 
from the bearing which the chemical nature of the coal and the 
conditions of retorting have upon the character of the tar, there 
remain certain influences, resulting from the physical properties of 
the coal. If the coal is a readily fusing one, the formation of a plastic 
layer may so retard the passage of the primary tar vapor from the 
carbonization chamber as to cause it to remain for a comparatively 
long time in contact with hot surfaces. The effect of hot surfaces in 
catalyzing secondary decomposition has already been demonstrated. 

Low temperature tars differ materially from high temperature tars. 
The former are brownish black, fluid at ordinary temperatures, and 
more viscous than crude Pennsylvania petroleum. In general, the 
low temperature tars consist of hydrocarbons of the aliphatic series, a 
few aromatics, and a high proportion of the tar acids. This tar is 
not greatly different from shale oil and crude petroleum, and for that 
reason some of the methods used in the petroleum industry may be 
applied to the evaluation of low temperature tar. 

Table 44 gives a representative comparison of the fractions ob- 
tained from high and low temperature tars. The high temperature 
tar yields are the average of six coke oven tars of the United States, 
while the low temperature yields are the average of eight British 
experiments at 600°C. In the high temperature product, only about 
25 per cent of the tar is volatile up to 315°C., while low temperature 
tar yields nearly 55 per cent of its weight in oils. High temperature 
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pitch is almost three-quarters of the entire yield of tar and contains a 
high percentage of free carbon, whereas the primary tar is char- 
acterized by less than 50 per cent pitch of a low free carbon content. 
The decrease in the yield of oils at high temperatures is complement- 
ary to the high gas yield. It has been demonstrated that, in this 
case, the primary volatile products are cracked and decomposed at 
higher temperatures, with the formation of gas and the deposition 
of carbon. 


TABLE 44 
Comparison of fractionation of high and low temperature tars 


FRACTION aie Sa ec ctine al 
per cent per cent 
Ui pereOMeVOn@ ame tce bce ae nak a hoch nie ae Bball 9:6 
LADS PACU Ch ae ee URS Fohat aren, Sean 15.9 32.0 
DAOMmUOT IDLO neh rs eR Aes ae ae ied eae 8.9 15.3 
J EXETER ot SS REEDS Seale Se ae i) 74.0 43.0 
LeEercaArOOnmimDLECL as aaetes cis cetemtan eb. 9.3 2.0 
TABLE 45 


Tar yields of United States coals 


OLDEST GEOLOGIC AGING YOUNGEST 
SS 
TAR P 1. 
Virginia | *©228Y-| Tlinois |Wyoming}| Utah 
coal Ve coa coal coal 
coal 
Gallons per gross ton............. 12.4 19.0 20.5 Ved PAL 


Per CentiOLCOaliicc.csariccratene se « ee 10-3 11.9 10.3 12.3 


Experiments conducted in England, in especially constructed cast- 
iron retorts, on five high class Barnsley coals, whose proximate 
analyses were almost identical with that of Pennsylvania bituminous 
coal, showed that in low temperature carbonization the average 
yield of tar was 23.5 gallons per net ton of coal. The average of six 
Pennsylvania coals distilled at. 550°C. by Davis and Parry (97) 
gave 27.8 gallons of dehydrated tar, with a specific gravity of 1.039, 
per net ton of coal carbonized. . This is equivalent to 12.2 per cent 
of the coal by weight. The Fuel Research Board, in large-scale 
horizontal retorts, obtained a tar yield of from 17.9 gallons to 19.6 
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gallons per net ton, They recommend, as a result of their extensive 
investigations, that 19 gallons of tar per net ton of coal is the average 
yield to be counted upon in low temperature distillation. The 
present author, however, believes this figure to be unduely low for 
other processes and for high volatile American coals. ‘The fuel value 
of this primary tar is very high, the average of eight British experi- 
ments giving 16,360 B.t.u. per pound. 


Per Ceat. Volatile Matter Deposited. as’Tar 


Fig. 18. VouatTite Matter DeEposiTep As Tar As A FUNCTION OF CARBON- 
HyproGEeNn Ratio 


Porter and Ovitz (96), in their investigation on the volatile matter 
of coals of the United States, obtained from 12.4 gallons to 21.2 
gallons of tar per net ton of coal in small-scale experiments, depend- 
ing to a great extent on the geologic age of the coal examined. The 
experiments were conducted over a period of one hour in a furnace 
adjusted so that the interior of the charge remained at 800°C. 
Monett (100) observed, from a study of eleven Utah coals, that the 
tar yield ranged from 16.1 gallons to 29.4 gallons per net ton. It is 


« 
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interesting to note in Table 45 the general decrease in yield of tar 
accompanying the consolidation of the fuel. 

The results of Table 45 have been observed, also, by Berry (118), 
who found a distinct relation between the amount of tar distilled 
and the geologic formation of the coal, or more specifically the carbon- 
hydrogen ratio of the fuel. The curve in Fig. 18 is due to him. Ac- 
cording to this curve, the maximum amount of thick tar is to be 


Fig. 19. Yreup or Tar FROM WELSH Coats As A FUNCTION OF TEMPERATURE 


expected from fuels having a carbon-hydrogen ratio ranging from 
13.5 to 18.0. 

Berry (118) investigated the tar-forming temperatures of American 
coals and found that the first traces of tar appeared, in all the coals 
examined by him, at about 300°C. and the last traces disappeared 
at about 550°C., although in a few instances tar formation did not 
cease until over 600°C. was reached. Tar was formed in quantities 
in the temperature range from 375°C. to 475°C. He-found no 
evident relation between the volatile matter in the coal and the 
amount of tar evolved. He also concluded that neither geologic 


78 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


age, carbon-hydrogen ratio, nor percentage volatile matter in the 
coal had any relation to the temperature of tar evolution. 

Burgess and Wheeler (57), in examining Welsh coals, found certain 
variations in the yield of tarry matter when the temperature of 
carbonization ranged from below 500°C. to above 1000°C. Their 
data are plotted in Fig. 19, where it is seen that the yield of tar per 
gross ton of coal rises to a maximum at about 700°C. The experi- 
ments of Burgess and Wheeler (57) are not in agreement with the 
figures given by Lewes (17), whose maximum yield occurred about 
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Fig. 20. YrELD OF TAR FROM AMERICAN COALS AS A FUNCTION OF TEMPERATURE 


300°C. lower. No information was given by the latter authority | 
regarding the composition of the coal used to secure his data, so that 
the disagreement cannot be explained. The specific gravity of the 
tar gradually increases with the temperature increase. This is to be 
expected, since the lighter hydrocarbons are destroyed through 
decomposition at the higher temperatures to form fixed gas, leaving 
the heavier, higher-boiling hydrocarbons and the carbon freed in the 
cracking. 


Porter and Ovitz (96) investigated the tar distilled at various tem- 


LOW TEMPERATURE COAL TAR 79 


peratures from several coals of the United States. Their figures, com- 
puted from a percentage basis to gallons of tar per net ton, are plotted 
in Fig. 20. Comparison of this illustration with Fig. 19 will disclose 
that, qualitatively, the data are in agreement with the results ob- 
tained by Burgess and Wheeler (57) on Welsh coals. In Fig. 20 it 
appears that, from the standpoint of securing maximum tar yield, 
the optimum temperature of carbonization is in the neighborhood 
of 800°C., although in commercial plants this figure appears somewhat 
high. Too much confidence cannot be placed in the quantitative 
value of these curves for they seem low for high volatile coals. 

According to Fischer (119), the solid paraffins in primary tar 
represent one or two per cent of the tar and in this respect we find one 
striking difference between the tar obtained from brown coals and that 
obtained from bituminous coals. Fischer (120) found the tar from 
Saxon brown coal to contain as much as 29 per cent solid paraffins, 
while the tar from Rhenish brown coal yielded 13 percent. In other 
respects, the two primary tars are quite similar. 

Garbe (121) distilled a Shetland peat, containing 21.4 per cent 
moisture and 73.8 per cent volatile matter, at 500°C. in a Tozer 
retort and obtained a yield per gross ton of 33.6 per cent peat char; 
4,500 cubic feet of 500 B.t.u. per cubic foot gas; 1.44 gallons of 
0.7885 specific gravity motor spirit; 23.4 gallons of crude oil; and 
16.3 pounds of ammonium sulphate. The peat tar contained 35.2 
per cent moisture; 2.2 per cent light oil up to 170°C.; 19.8 per cent 
medium oil in the fraction 170°C. to 230°C.; and 37.8 per cent resid- 
uum above 230°C. The middle oil contained 22 per cent tar acids. 

Garvin (112) reports that, on the average, distillation of Scottish 
shale yields 24.5 gallons of 0.860 specific gravity tar; 9,800 cubic feet 
of 270 B.t.u. per cubic foot gas; 35.7 pounds of ammonium sulphate; 
and 1,550 pounds of waste spent shale from each ton of raw material. 
Oil shales of the United States have tested all the way from less than 
7.5 gallons of tar per ton, in the case of a Nevada sample, to over 60 
gallons per ton, for a specimen from Colorado. The specific gravity 
of these tars varies also from 0.881 to 0.924. The average test yield 
of tar from eleven United States shales from six states was 37.2 
gallons per ton. 

Time Effect. The time element deserves important consideration 
in regard to the tar as well as with respect to the gas. If the distilla- 
tion is slow and the tar vapors are removed slowly, secondary de- 
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composition may occur with a corresponding decrease in the yield of 
oils and increase in the evolution of gas. But the tar yield is not the 
only outcome of slow carbonization. The structure of the tar is 
vastly changed. A tar produced in slow distillation contains a 
larger proportion of the aromatic derivatives and fewer members of 
the aliphatic series. The curve of tar yield against time is somewhat 
similar to that of gas evolution, shown in Fig. 14. We know, of 
course, from the differential calculus, that the derivative of this 
curve is the curve of the rate of yield of tar. Inspection of the slope 
shows that the rate of yield in gallons per minute, as plotted against 
time, should reach a maximum and then gradually fall off until a 


TABLE 46 
Comparison of slow and rapid carbonization in yield of tar 


GALLONS TAR 


HOURS DURATION ATMOSPHERE TEMPERATURE PER CENT PER GROSS TON 
5.25 Nitrogen 1,040 9.3 16.0 
0.42 Nitrogen 1,040 10.5 18.1 
0.33 Nitrogen 1,050 belied: 20.1 
5.00 Coal gas 1,010 10.9 18.0 
0.50 Coal gas 1,020 12.1 20.7 
5.00 Coal gas 950 10.0 17.1 
0.50 Coal gas 980 11.9 20.5 


point may be reached where it will be uneconomical to prolong the 
process for the tar alone. In other words, the rate of yield curve for 
tar has been found by experiment to be similar to that for gas shown 
in Fig.17. It should not be overlooked that, although the production 
of tar after a certain period may not be sufficient to warrant contin- 
uation of carbonization, the gas evolved may entirely justify pro- 
longation. 

The effect of bringing the charge up to maximum temperature in 
5 hours, as compared with attaining the same temperature within a 
fraction of an hour, is shown by the results of Table 46, after Taylor 
and Porter (98). These experiments were conducted on Penn- 
sylvania coal. It is seen that in every case the yield changed from 
about 16.0 gallons per gross ton of coal to about 20.5 gallons per gross 
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ton when the period of attaining the maximum carbonization temper- 
ature was decreased from 5 hours to a much shorter period. 
Pressure and Vacuum Effect. Some thirty years ago, Dewar and 
Redwood patented the distillation of petroleum under pressure to 
crack the heavy distillates into low-boiling and more valuable frac- 
tions. In 1910, Burton developed the pressure cracking system and 
now it is a well established industry. Attempts have been made to 
reduce the deposition of carbon by the introduction of catalysers and 
Bergius has proposed the hydrogenation of the hydrocarbons by 
carbonization under pressure in an atmosphere of hydrogen. Crack- 
ing, however, in low temperature carbonization processes, is ordinarily 
avoided in order to preserve the primary products of distillation. 
Hence, the retorts are usually operated at atmospheric pressure or 


TABLE 47 
Comparison of atmospheric and vacuum tar yields 


GALLONS PER GROSS TON 


TYPE OF TAR 


West’ | tinois | Pe22syl-| Utah |Oklah 
Yilgale eae Mea coal a) 
IM ETIVOBT OTIC He wine cin Grek > tsa ageie any 5.2 9.6 15.0 LAT 26.) 
AVist CURLIN) eyelets ayers ie hese Gin eae isa 8.3 13.3 20.1 16.8 20.6 


under slight vacuum, of hardly more than two inches of water, to 
overcome the resistance of the piping system. A discussion of the 
possibility of increasing the yield of lighter hydrocarbons, suitable 
as a fuel for internal combustion engines, by cracking the primary tar 
will be taken up under the subject of motor spirit. 

A vacuum system assists in removal of the vapors and prevents 
condensation of the heavy tars in the retort. It also removes the 
air which is present, thus preventing oxidation, and preserves the 
primary tar by avoiding cracking. In 1905 and 1906, Simpson 
obtained patents which were afterwards incorporated in the Tozer 
retort for distilling in partial and complete vacuum. Little work has 
been done by way of investigation in this field, but Taylor and Porter 
(98) have examined certain coals of the United States when distilled 
at pressures below 4m. of mercury. A comparison of the tar yields 
from atmospheric and vacuum carbonization is instructive. The 
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atmospheric distillation in Table 47 was carried out at 475°C. The 
figures, for convenience, have been converted from a percentage 
basis to gallons per gross ton. 

The effect of temperature on the yield of vacuum tar was also 
investigated by the same authorities. In this case, different periods 
of distillation were used at different temperatures, so that the data 
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Fig. 21. Yreup or Tar FROM AMERICAN COoALs in Vacuo AS A FUNCTION OF 
TEMPERATURE 


are not strictly comparable, but they are given in Fig. 21 because no 
other similar figures are available. The data are computed to gallons 
per gross ton. It will be noted that the yields in this illustration are 
higher than those indicated by Table 47. This is due, doubtlessly, to 
the systematic error pointed out above, as well as to an additional 
cause. In this case, the percentage tar obtained was determined by 
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subtraction, rather than by direct observation, and, consequently, the 
cumulative errors of analyses fall entirely on the tar content. Figure 
21 should be compared with Fig. 20, where the corresponding results 
of atmospheric distillation are shown. The main difference in the 
characteristic temperature versus yield curves of atmospheric and 
vacuum carbonization lies in the absence of a maximum on the vacuum 
system. ‘The yield of tar, in the latter case, quickly rises until about 
450°C. is reached, when little change in the quantity of tar produced 
is noticed during the next 150°C. temperature increase. There- 
after, the yield of tar increases with temperature rise even up to 
1050°C. 

Atmospheric and Moisture Effect. Taylor and Porter (98) in- 
vestigated the effect of inert atmospheres on the quantity of tar 
produced. The presence of coal gas or nitrogen did not exert any 


TABLE 48 
Effect of moisture content on yield of low temperature tar 


MOISTURD 
TAR 
1.2 per cent 9.6 per cent 
ParapOMOliiye COL cae atecrie nck lye iwaeioloene wens 10.3 10.2 
ANAT OOM AS: ISCO 5.0 erie ran bs See ees 10.2 9.2 


decided influence on the yield. Thus, over a 5-hour period of dis- 
tillation, 17.1 gallons of tar per gross ton were obtained in an atmos- 
phere of coal gas at 950°C. and 16.0 gallons when pure nitrogen was 
introduced into the retort during carbonization at 1040°C. 

Weathering of the coal before coking appears to have an effect on 
the quantity of tar evolved in carbonization. Thus, it was found 
that a Wyoming coal yielded 9.1 per cent of its weight as tar, when 
distilled as received, but only 6.2 per cent after air drying. It isa 
well known fact that weathering reduces the volatile content of the 
coal, both through escape of the occluded gases and through oxida- 
tion. It is not surprising, therefore, to find a larger evolution of tar 
immediately upon reception of the sample than after the coal has 
been exposed to the action of the air. 

The moisture content of the coal does not have any influence on the 
amount of tar produced, when computed upon a dry coal basis, 


84 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


according to Porter and Ovitz (96). Thus the yield of tar from a dry 
Pennsylvania coal, containing but 1.2 per cent moisture, as compared 
with another sample containing 9.6 per cent moisture, is given in 
Table 48. The decrease in tar, when figured as a percentage of the 
coal as charged, is a fictitious decrease only, arising entirely from the 
selection of a base for computation which contains a smaller quantity 
of the tar-producing element. 

Davis and Parry (97), it will be recalled, conducted experiments to 
determine the effect of superheated steam upon the carbonization 
products. It has been shown that probably the temperature is not 
sufficiently high in the low temperature distillation process to cause 
any interaction between the steam and the primary volatile products, 
and, consequently, the principal effect of steam will be in prevent- 
ing secondary decomposition by assisting in the quick removal of the 
products. With Pennsylvania coal‘ from the Upper Freeport bed, 
Davis and Parry (97) found that 33.0 gallons of tar per gross ton were 
obtained without the use of steam, whereas, the following yields were 
obtained when 88 per cent steam was passed through the retort: 30.8 
gallons per gross ton at 475°C. ;33.3 gallons per gross ton at 550°C. ;and 
50.9 gallons per gross ton at 650°C. At 550°C., which is the only tem- 
perature at which experiments were made on the same coal without 
the use of steam, apparently there was little effect on the yield. It is 
evident that an enormous quantity of tar was evolved under steam 
distillation at 650°C. Unfortunately, no information is at hand to 
determine whether this large yield is due to the presence of steam or 
is a peculiarity of the coal. 

The tar produced in steam distillation at low temperatures is a little 
more viscous, but otherwise it does not appear essentially different 
from the tar obtained without the use of steam. Its fractionation, 
however, shows it to have a marked difference in volatile content. It 
contains a smaller percentage of light oils, but more of the heavier 
hydrocarbons. This topic will be taken up again under a discussion 
of the fractionation of low temperature tar. 

Constitution of Primary Tar. Although low temperature tar 
obtained from lignite and brown coal may be solid at ordinary 
temperatures, due to a large proportion of solid paraffins, primary tar, 
in general, is lighter and more fluid than that from high temperature 
processes. The specific gravity of primary tar usually ranges from 
0.95 to 1.06, as compared with 1.2 specific gravity for high tem- 
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perature tars, according to Fischer (119). The comparatively low 
density is due mainly to the presence of large proportions of liquid 
hydrocarbons and phenols. Low temperature tar usually has a 
strong odor of phenols and of hydrogen sulphide, but it never has the 
naphthalene odor of secondary tars. In transparent layers, its 
color ranges from orange to red. Fischer and Gluud (60) have 
pointed out another way in which low temperature tar resembles 
petroleum and differs from high temperature aromatic tars. They 
found that some of the hydrocarbons from primary tar exhibit a 
small but distinct optical activity. In a tar from Lohberg coal, freed 
of phenols, the optical rotation with sodium light through a 20 cm. 
tube varied from +0.05°, for the fraction 175°C. to 185°C., to the 
value +0.30°, for the fraction 225°C. to 235°C. Low temperature 


TABLE 49 
Decomposition of low temperature tar by distillation 


RAW TAR DISTILLATE 


FRACTION Fraction, | Cresote, | Fraction, | Cresote, 


per cent percent | percentof| percent 


tar tar distillate tar 

f per cent per cent per cent per cent 
OO DOUG Ceres sire cursive or aante sce: 18.5 2.0 37.0 3.00 
DOO MOT Osan eee cus ete Bese aces 15.0 2.3 24.5 1.80 
(ONG ILUS CARS eat eae ERS area cre 6.0 10.0 38.5 1.54 


tars are usually soluble in the ordinary organic solvents, such as 
benzene, ether, acetone, chloroform, carbon tetrachloride, and 
petroleum ether, but its solution is usually accompanied by pre- 
cipitation of resins. 

It has been shown conclusively that distillation of the primary tar, 
during analytical procedure, distinctly alters its composition, 
especially that of the higher boiling compounds. Fischer (49) states 
that primary tar cannot be distilled without the part above 300°C. 
decomposing, the viscous lubricating oils suffering the greatest 
decomposition and the higher phenols being affected to a lesser 
degree. A specific case of this for low temperature brown coal tar 
has been given by Fischer (85) and is reproduced in Table 49. The 
distillation was carried out slowly for 8 hours, yielding 85.6 per 
cent oil, 4.7 per cent gas, 9.2 per cent coke, and a small amount of 
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water. It will be observed that distillation so altered the constitu- 
tion of the fraction from 70°C. to 250°C. as to increase its proportion 
from 18.5 per cent to 31.7 per cent of the original tar. ‘The proportion 
of acids was simultaneously greatly decreased. Schneider (122) 
confirmed these results with tar from a bituminous coal. 

Decomposition of primary tar during distillation is further in- 
dicated by the evolution of gas. Weindel (123) found that gas first 
was evolved at 270°C., reaching a maximum at about 335°C. The 
gas contained 7 per cent hydrogen sulphide, 4 per cent carbon dioxide, 
about 75 per cent methane and its homologues, and about 10 per cent 
ethylene and acetylene hydrocarbons. Edwards (124), and also 
Brittain, Rowe, and Sinnatt (125), detected the evolution of sulphur 
dioxide at the beginning of distillation and hydrogen sulphide at 
170°C., when studying tar from the Coalite process. 

It is quite evident that the evaluation of low temperature tars is a 
difficult task and that the method of separation by solvents must be 
used to avoid distillation as much as possible, but even this method of 
approach is not without its difficulty of solvent reaction. These 
troubles are augmented by the fact that most low temperature tars 
change color and character on standing. This has been attributed, 
by Jaeger (126), to oxidation by-the atmosphere through the action 
of light, but the presence of bases are important factors. Parr and 
Olin (37) found, also, that the viscosity of the tar increased with 
standing, apparently the result of oxidation, for Brittain, Rowe, and 
Sinnatt (125) found no change when the tar was kept in darkness and 
out of contact with air. 

As early as 1862, Williams (127) and Schorlemmer (128) seem to 
have made the first chemical examination of low temperature tar 
obtained from cannel coal. The latter of these investigators iden- 
tified paraffin hydrocarbons. However, the first noteworthy research 
was conducted by Bornstein (95) in 1904. He fractionated primary 
tar from Westphalian coals, from 50°C. to 450°C., and found it 
conspicuously different from high temperature tar, being a thin 
liquid with little free carbon and containing no naphthalene or 
anthracene, but quantities of phenols and up to 2 per cent solid 
paraffins. With another Westphalian low temperature tar he found 
no solid paraffins, but something less than half of one per cent 
methylanthracene. 

Pictet and Bouvier (51) (129) (130) (131), and also Pictet, Kaiser, 
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and Labouchére (52), conducted a series of investigations, beginning 
in 1913, on primary tar obtained from vacuum distillation of a French 
bituminous coal, containing about 11 per cent ash, 70 per cent fixed 
carbon, and 19 per cent volatile matter. The fresh tar was composed 
of 68 per cent unsaturated hydrocarbons, 30 per cent saturated hydro- 
carbons, 2 per cent alcohols and 0.2 per cent bases. They found no 
phenols in the fresh tar, but detected some after the tar had remained 
standing a long time. As other investigators have found over 15 
per cent phenols in fresh tar examined by them, it appears that 
Pictet and Bouvier must have had an exceptionally true primary tar. 
They established the presence of toluidine, pentamethylphenol, 
tetramethylphenol, xylenol, hydroquinoline, and isohydroquinoline. 
Jones and Wheeler (42) examined the tar obtained from a Scottish 
and a Durham coal, distilled at 450°C. in vacuo. In the oils below 
300°C., they found about 40 per cent unsaturated hydrocarbons; 
about 40 per cent saturated hydrocarbons, mostly naphthenes; about 
7 per cent aromatic compounds, probably homologues of naphthalene; 
about 12 per cent phenols, chiefly cresols and xylenols; traces of 
pyridine bases, and a small amount of solid paraffins. 
Identification of Compounds. Regarding particular chemical 
compounds that are found in low temperature tars, some quantitative 
determinations by Schiiltz and Buschmann (34) (85), and also by 
Fieldner (386), have been given under the chemistry of low temper- 
ature carbonization, discussed in Chapter I and compiled in Table 5 
and Table 6, respectively. A qualitative list of compounds, actu- 
ally identified in low temperature products, was given in Table 7, 
accompanied by references to the authorities who isolated them. 
Among the aromatic hydrocarbons, Whitaker and Crowell (132) 
(134), when investigating a Pennsylvania coal, observed that benzene 
first formed at 500°C. and toluene at 400°C., but that maximum yields 
were not obtained until 800°C. for benzene, 700°C. for toluene, and 
600°C. for xylene. Traces of benzene have been found by a number 
of observers, but most investigators have been unable to detect it in 
primary tars examined by them. Parr and Olin (37) found benzene, 
as well as toluene, zylene, and possibly mesitylene, in Illinois low 
temperature tar. Schiiltz (43) is the only authority who has reported 
considerable quantities of benzene hydrocarbons. He examined a 
tar obtained by distillation of Furst-Hardenberg coal in a rotary 
retort at about 480°C. Broche (53), however, examined tar from the 
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same coal and found less than 0.4 per cent benzene, from which he 
concluded that the tar examined by Schiiltz was abnormal. Fischer 
and Gluud (39) detected a very small amount of benzene in tar from 
one coal examined by them. 

Besides Parr and Olin, toluene in minute quantities was found by 
Jones and Wheeler (42) and its presence was confirmed by Frank and 
Arnold (133). The latter observers also found the three xylenes in 
the tar fraction from 120°C. to 180°C. Klein (135) found both 
toluene and xylene in the light oil from a large rotary retort, while 
Weissberger and Moehrle (46), and also Kruber (1386) and Kaffer 
(137), found the higher homologues of benzene, of which pseudo- 
cumene, durene, and a few others have been identified. 

Less than one per cent naphthalene seems to be present in low tem- 
perature tars, as compared with 4 per cent or 5 per cent in aromatic 
tars. According to Ruhemann (138), brown coal low temperature 
tar contains some naphthalene. Brittain, Rowe, and Sinnatt (125), 
Morgan and Soule (45)(48), as well as Weissberger and Moehrle 
(46), found it in tar from full-scale low temperature plants, while 
Parrish and Rowe (139) found small quantities in tar carefully 
distilled from coal at 600°C. Anthracene is present in even smaller 
proportions than naphthalene, but it has been reported as present 
by Brittain, Rowe, and Sinnatt (125) and by Weissberger and Moehrle 
(46), the last of which also established the presence of naphthalene 
homologues, such as the methylnaphthalenes, confirming the observa- 
tions of Fischer, Schroeder, and Zerbe (47). 

Among the saturated and unsaturated hydrocarbons, Fischer and 
Gluud (39) found pentane, hexane, many of their homologues, and 
possibly terpenes, among the low-boiling fractions of primary tar. 
Schiiltz, Buschmann, and Wissebach (38) established the present of 
ethylene, propylene, butylene, pentene, butadiene, and cyclo- 
pentadiene in the light oils, most of which were also found by Fieldner 
(36) in certain American low temperature tars, as shown in Table 6. 
Klein (135) also detected octylene and nonylene in large-scale primary 
tar. 

Among the oxygenated compounds, acetone has been observed by 
_ Frank and Arnold (133), by Schiiltz (140), and by Broche (53). 
Acetaldehyde and indications of ketones were obtained by Brittain, 
Rowe, and Sinnatt (125), while Schiiltz (140) also identified acetal- 
dehyde, as well as methylethylketone, and acetonitrile. 
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Free sulphur is probably present to a small extent in low tem- 
perature tar, although its presence is undesirable, but it cannot be 
avoided if the raw coal is one of large sulphur content. Schiiltz 
(43) detected methylmercaptan and dimethylsulphide, in addition 
to the simple sulphur compounds hitherto mentioned. Brittain, 
Rowe, and Sinnatt (125) found over 1.5 per cent combined sulphur 
in the crude full-scale low temperature tars examined by them. 

Tar Acids. Heretofore it has been pointed out that one of the 
outstanding peculiarities of low temperature tar is its high acid 
content. These acids do not consist so much of phenol, itself, as of 
homologues of the series, such as the cresols, xylenols, and more 
complex phenol derivatives. 

There has been a great variation in the amount of acids present in 
the tars examined by various authorities. Thus, Jones and Wheeler 
(42) found about 7.0 per cent; tests on the Tozer retort gave 10.2 
per cent; Edwards (124) reported 10.8 per cent to 15 per cent; Morgan 
and Soule (48) determined 14.7 per cent; Davis and Galloway (141) 
found from 12 per cent to 19 per cent; The Fuel Research Board 
reported 17.8 per cent; Morgan and Meigham (142) 17.5 per cent; 
Davis and Parry (97) 18.2 per cent; tests on the Nielsen retort yielded 
20 per cent; Brittain, Rowe, and Sinnatt (125) 26.6 per cent to 30.6 
per cent; Parr and Olin (87) 27.9 per cent; and Church and Weiss 
(143) as much as 50.0 per cent. 

The work of Morgan and Soule was conducted on tar from the 
Carbocoal process; Jones and Wheeler used vacuum tar; Church 
examined a tar from an Illinois coal of high oxygen content; Parr and 
Olin used Illinois coal; Davis and Parry used tar derived from Penn- 
sylvania coal; and Edwards used English coals. The high yield 
obtained by Church does not seem extraordinary, when it is recalled 
that he used a coal of high oxygen content and that the phenolic 
compounds contain combined oxygen. In fact, it seems permissible 
to predict that, in general, coals which are highly oxygenated may be 
expected to give a larger quantity of the tar acids upon carbonization. 
The same may be said, perhaps, of coals which have been weathered 
through exposure to the atmosphere or retorted in the presence of a 
considerable amount of oxygen. Unfortunately no experimental 
data are at hand to substantiate this belief. é 

The bulk of low temperature tar phenols consists of complex 
hydrogenated and alkalated derivatives of ordinary high temperature 
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tar phenols. They are largely saturated compounds. Morgan 
(144) states that on account of their long side chains the primary tar 
phenols are less soluble in water than those derived from aromatic 
tars. 

Phenol, itself, is usually present in amounts of less than 0.5 per 
cent of the tar, as compared with twice that amount for high tem- 
perature tars. Its presence in small quantities has been established 
by Fischer and Breuer (145), by Brittain, Rowe, and Sinnatt (125), 
by Morgan and Soule (48), by Parrish and Rowe (139), and by Frank 
and Arnold (133). Schiiltz (43) and his co-workers (88) are the only 
investigators reporting as much as 1.35 per cent phenol in the crude 
tar. Pictet, who examined an exceptionally true primary tar, found 
no phenol but up to 2 per cent methyleyclohexanol, an unstable 
alcohol which decomposed into phenol upon standing. 

All three cresols have been identified, but there seems to be no 
uniformity in the way in which they predominate. Gluud and Breuer 
(50) found that meta-cresol predominated; Brittain, Rowe, and Sin- 
natt (125) found about 46 per cent ortho-cresol, about 37 per cent 
meta-cresol, and about 16 per cent para-cresol; while Morgan and 
Soule (48) found 54 per cent para-cresol, 27 per cent ortho-cresol, 
and 19 per cent meta-cresol. Schiiltz, Buschmann, and Wissebach 
(88) have identified four of the zylenols, while Avenarius (147) has 
isolated a fifth. 

Catechol was detected qualitatively by Morgan and Soule (48), by 
Edwards (124), and by Parrish and Rowe (139). Bérnstein (95) 
also detected it, while Gluud (148) estimated the quantity of this 
compound in the tar from Lohberg coal, examined by him, to amount 
to 0.02 per cent of the coal. Brittain, Rowe, and Sinnatt (125) 
found catechol present in tar from the Coalite process. 

Among the higher-boiling phenols, Morgan and Soule (48) reported 
the presence of naphthols, while Weindel (123) observed 6-naphthol, 
and Edwards (124) reported both a-naphthol and §-naphthol. 
Gluud and Breuer (50) found trimethylphenols, the presence of 
which was confirmed by the researches of Fromm and Eckard (40) 
and of Pictet, Kaiser, and Labouchére (52). The latter experi- 
menters also identified tetramethylphenol and pentamethylphenol. 
Marcusson and Picard (149) recorded the presence of solid phenols in 
primary tar from Upper Silesian coal, but Tropsch (150), who 
examined the low temperature tar of a coal from the same region, 
was unable to confirm this. 
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Among the sulphonated phenols, Schiiltz, Buschmann, and 
Wissebach (38) reported appreciable quantities of mercaptans and 
Avenarius (147) concluded that thiophenols were present. Parrish 
and Rowe (139) found 0.73 per cent sulphur in their crude phenols, 
while Brittain, Rowe, and Sinnatt (125) estimated the sulphur 
content of the crude phenols from Coalite tar to be less than one 
per cent. 

Some idea of the distribution of the various constituents may be 
gained from a rough separation of the phenols made by Fischer and 


TABLE 50 
Distribution of phenols in low temperature tar acids 


AUTHORITY 
CONSTITUBNT 

(125) (125) (48) (146) 
per cent per cent per cent per cent 
Hehon olen icss saree ee ee oe ae 0.11 0.18 0.6 0.70 
AOTCAO IR shes aie tha re yc ey ea etn 4.78 5.20 4.9 6.83 
PROVLemO le rrrser wee aeeee aie eters cee 5.88 4.71 2.8 6.07 
EE PEE NDNENOlS cst aes aris ureresks ela’ Setcuas 7.07 8.75 Bul 4.75 
ROARING eter arverc tes aieeek veto) aavoa tien sl aoe 8.68 10.92 1.3 15.49 

MGtalvpWenols: t-.c.ealae.scelec ew cose a 26.6 30.6 14.7 33.8 


TABLE 51 
Tar acids in fractions of steam and ordinary low temperature tar 


FRACTION j ORDINARY TAR STEAM TAR 
per cent per cent 
EON AC ernst ate oie an eins agis Mommies at 14.5 8.4 
7A? UD Padi Oe ohn ON ene een Op NO fe 46.0 40.0 
ZOO. Comet raa etyad «sore eSie Rek oa ees 30.0 26.3 


others. They found from one per cent to 6 per cent cresols; about the 
same proportion of xylenols; 5 per cent to 25 per cent higher phenols; 
and 8 per cent to 15 per cent acid resins. The tar from the Fuel 
Research Board horizontal retorts yielded about half the acid content 
reported by Fischer, about 5 per cent cresols, 11 per cent xylenols, 

and the remainder was composed of the heavier derivatives of phenol. 
Parrish (117) has compiled a list, shown in Table 50, which gives the 
distribution of phenols among the tar acids in low temperature 
carbonization. 
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According to the results of Davis and Parry (97), introduction of 
steam into the retort during distillation of the coal considerably alters 
the quantity of tar acids produced in each fraction of the tar. Their 
data are given in Table 51 as percentages of the fraction. The tar 
examined was obtained in both cases by carbonization of Pennsyl- 
vania coal from the Freeport bed at 550°C. The yield is equivalent 
to 4.76 gallons of tar acids per net ton of coal, or 14.5 per cent of the 
crude tar, for dry distillation and 4.04 gallons per net ton, or 12.2 
per cent of the crude tar, under steam distillation. The average 
yield per net ton from five Pennsylvania coals, tested by Davis and 
Parry (97), was 5.45 gallons. The specific gravities of the acids 
separated from the various fractions of tar were 1.021, 1.028, and 
1.051 for the light, middle, and heavy oil cuts, respectively. The 
middle oil contained a preponderance of cresols and xylenols. 


TABLE 52 
Effect of temperature variation on yield of tar acids 


TEMPERATURE 
FRACTION 


475°C. 350°C. 650°C. 

per cent per cent per cent 
OS PON, DLC Seite ae kya tana eck pares Sea 10.0 8.4 9.9 
aly faties ap taie| Cae pete ttle ratio Rep enAenR ra 36.0 40.0 36.0 
PPA ROW ts 9ch OMe a ign eed eve DO ere er Sh 22.5 26.3 25.0 


Tar from the same coal, carbonized at different temperatures, was 
examined by the same investigators with a view of determining the 
effect of temperature variation on the production of tar acids. The 
results are reproduced in Table 52, which shows conclusively that 
increase of the temperature from 475°C. to 650°C. does not influence 
the yield to any extent. It is apparent that the acids are stable up to 
beyond 650°C. and that no decomposition occurred at that tem- 
perature. This experiment was carried out in the presence of steam, 
which, to a great extent, reduced the susceptibility to thermal de- 
composition. 

Fig. 22 shows the variation of the percentage of tar acids, as a func- 
tion of the average boiling point of the fraction, for low temperature 
tar from Pennsylvania coal, as determined by Davis and Parry (97), 
when compared with the same determinations on tar from the Carbo- 
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coal process, as found by Morgan and Soule (151). In the illustra- 
tion, it will be noted that the maximum yield of tar acids occurs in 
the fraction whose average boiling point is 200°C., in the Freeport 
tar, whereas, in the Carbocoal tar, this maximum occurs 60°C. higher. 

Tar Bases. The nitrogen bases are characterized usually by 
absence of the simpler members, although pyridine and the simple 
aliphatic amines have been detected in small quantities. The tar 
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Fig. 22. DistRIBUTION OF Low TEMPERATURE TAR ACIDS AS A FUNCTION OF 
BorLine Point 


bases consist mostly of secondary and tertiary compounds and 
others of unknown composition. 

Davis and Parry (97) found 1.23 per cent nitrogen bases in the low 
temperature tar from Pennsylvania coal; Davis and Galloway 
(141) found 2.8 per cent to 5.7 per cent in the tar distillate up to 
275°C., representing 1.1 per cent to 2.3 per cent of the total tar; 
Edwards (124) found from 2.9 per cent to 5.8 per cent in the distillate 
up to 311°C., amounting to 1.3 per cent and 2.5 per cent, respectively, 
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of the total tar; Jones and Wheeler (42) found less than one per cent; 
Parr and Olin (81) found 0.9 per cent; Pictet, Kaiser, and Labouchére 
(52) found as little as 0.2 per cent; Fischer and Gluud (152) found 
0.46 per cent; Parrish and Rowe (139) found 2.7 per cent; Morgan 
and Soule (48) found 0.6 per cent in Carbocoal tar; and Brittain, 
Rowe, and Sinnatt (125) found from 2.45 per cent to 4.1 per cent in 
the total tar from the Coalite process. These figures, however, can 
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Fig. 23. DistRipuTion or Low TEMPERATURE TAR BASES AS A FUNCTION OF 
Bortine Point 


be misleading, as most of the determinations were made on fractions 
representing as little as 30 per cent of the total tar and the quantity 
of bases present in those distillates computed back on a total tar 
basis, whereas it is quite apparent that a large percentage of the 
bases remainsin the tar residuum above 300°C. Indications are that 
the tar bases amount to from 3 per cent to 5 per cent of the total tar. 

Gollmer (146) found among the primary amines in low temperature 
tar, analine, the toluidines, and the xylidines; the primary amines in 
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all amounting to 4.5 per cent of the tar bases. Schiiltz, Buschmann, 
and Wissebach (88) confirmed the findings of Gollmer. Other 
investigators, however, found no primary amines, but Morgan and 
Soule (48) found 20 per cent secondary and 80 per cent. tertiary 
amines; Brittain, Rowe, and Sinnatt (125) found 56 per cent sec- 
ondary and 44 per cent tertiary amines; while Parrish and Rowe 
(149) found 15 per cent secondary and 85 per cent tertiary amines. 

It has been observed generally that a large proportion of un- 
saturated compounds are found in the tar bases. Traces of pyridine 
have been observed by Gollmer (146); by Brittain, Rowe, and Sin- 
natt (125) in the tar liquor; by Fromm and Eckard (40); by Schiiltz, 
Buschmann, and Wissebach (38); and by Morgan and Soule (48). 


TABLE 53 
Percentage nitrogen bases in fractions of Coalite tar 


SAMPLE NO. 1 SAMPLE NO, 2 
FRACTION 
Pressure Bases Pressure Bases 
mm per cent mm per cent 

SmbORILO” G.. s ookuesry satin s costemueersees 766 1.2 762 1.4 
LO DORA ict aaet ciara acevsearain,s ous ttele 766 8.7 762 3.8 
ZOO ZOOS Crracus astince-> cone Givin ting 24 9.1 762 11.2 
Dr bOWSO Oe: oases cc ee vis ete’ ine core 24 14.3 6 16.8 
PEO SCO M2O Cros sates ca ctejs, grave sfejeralelece ce 24 20.3 6 26.0 
PLN)? opal CARRE Be CEI Rear ae at nee aN rc 25.0 6 20.7 
ELOBUCUO sentient Korsteusecuae aveidvatepsiess wsametaeee aos 19.7 17.9 
WIOBS Sante Rance AG wiles Saar ers a rae eee Li 22: 


Among the homologues of pyridine, Schiiltz and his co-workers found 
methylpyridines, dimethylpyridines, and trimethylpyridines; the 
presence of the latter being confirmed by Gollmer (146), while Morgan 
and Soule (48) found ethylpyridine and its hydrogenated derivatives. 
Brittain, Rowe, and Sinnatt (125) also found small amounts of diethyl- 
amine and triethylamine in the tar liquor. Schiiltz (38) and his 
associates established the presence of quinoline and its derivative, 
methylquinoline, while Pictet and his co-workers found a number of 
dihydroquinolines present. 

The distribution of nitrogen bases in the fractions of low temperature 
tar, as determined by Davis and Parry (97), is given in Fig. 23, where 
the percentage yield is plotted against the average boiling point of the 
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fraction. The determinations were made by washing the oil frac- 
tions, after removal of the tar acids, with 20 per cent sulphuric acid 
to remove the bases. The results shown in this curve agree with the 
fact discovered by Morgan and Soule (48), namely, that the pitch 
contains a larger proportion of bases than the lighter oil fractions. 

Brittain, Rowe, and Sinnatt (125) fractionated two samples of 
Coalite tar under atmospheric and under reduced pressures and 
determine the percentage of nitrogen bases present in each fraction. 
The results are given in Table 53. It will be observed that the quan- 
tity of bases, present in the various fractions, is considerably greater 
than that shown in Fig. 23, but the general trend to larger proportion 
of bases as the boiling point of the fraction increases is in agreement 
with other experimenters. It is quite apparent that the proportion 


TABLE 54 
Distribution of sulphur in low temperature tars 


FRACTION PER CENT SULPHUR BY WEIGHT 
ATIC OLT Gyssiats a arate cio Gis tate Ke Tome earae Cen teen (125) (125) (139) 
per cent per cent per cent 
GruGentareias vee ee meio ieee 1.49 1.73 1.35 
INewiiralcale sie moni ser eee tas Mey ete. 1.74 1.30 1.58 
ACTOS apes EX. SVR te te Len eR ee 0.77 0.95 0.73 
BASES Siete hin ane aun ee 0.99 1.40 0.77 


ASLO TG a Crepe Ser et Cs vr taal ent ava Ven aie 3.82 10.20 1219 


‘of bases in a given fraction is more than doubled by vaccum 
distillation. 

Tar Solids, Sulphur, and Liquor. Many low temperature tars have 
been observed easily to form emulsions with the tar liquor, thereby 
entailing a great deal of trouble in bringing about demulsification. 
This tendency to emulsify has ordinarily been attributed to the low 
specific gravity of primary tar and to dust and other mineral matter 
carried over with the tar during distillation. In the course of their 
investigations, Brittain, Rowe, and Sinnatt (125) isolated a brown 
amorphous powder, precipitated from the tar fractions by various 
organic solvents. After removal of this solid powder, which amounted 
to as much as 0.94 per cent of the tar in one sample and 9.9 per cent 
of the tar in another, it was observed that emulsification of the 
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samples did not take place. It was concluded that this solid material, 
present in the tar either as suspended powder or as partly in solution, 
was a contributing factor in emulsification. The existence of such a 
brown powder was confirmed by Edwards (124), who attributed its 
formation to changes in the tar vapor prior to condensation or to 
changes in the tar itself during storage, rather than to primary de- 
composition of the coal during carbonization. 

Ruhemann (138) distilled low temperature tar from lignite and 
found sulphur in the various fractions to the amount of 3.5 per cent 
in the lower cuts and 1.9 per cent in the higher cuts. The neutral 
oil of the primary tar, examined by Marcusson and Picard (149), 
contained from 5.4 per cent to 6.3 per cent sulphur. Avenarius (147) 
and Schiltz, Buschmann, and Wissebach (38) found sulphur in their 
tar acids. The nature of these sulphur compounds has already been 
discussed and need not be repeated here. Parrish (117) has compiled 
a table from the experiments of Brittain, Rowe, and Sinnatt (125) 
and of Parrish and Rowe (139) to show the distribution of sulphur 
in low temperature tars which were examined by them. This 
compilation is given in Table 54. The notably high sulphur contents 
of the tar solids suggests that it plays an important part in these 
substances. 

The aqueous distillate from low temperature tar is usually straw 
yellow in color and has an acid reaction. According to Jones and 
Wheeler (42), the tar liquor contains both hydrochloric acid and 
ammonium chloride. Brittain, Rowe, and Sinnatt (125) made a 
careful examination of the tar liquor, from distillation of Coalite 
tars, and established the presence of acetic acid, formic acid, acetal- 
dehyde, and certain ketones, which could not be identified. They 
also found traces of diethylamines, triethylamines, pyridine, and 
methylpyridine, while phenol, cresols, and xylenols were isolated. 

Primary Tar Distillation. Following the procedure adopted in the 
evaluation of petroleum, a rough separation of the constituents of 
low temperature tar can be obtained by preliminary fractionation. 
Thus, the tar obtained from the distillation of five high grade Barnsley 
coals has been separated into three qualities of oil, according to the 
boiling points. The first cut, up to 170°C., is given as light oil, the 
second cut, from 170°C. to 245°C., is called middle oil and the last 
cut, from 245°C. to 315°C., is designated as heavy oil. The viscous 
residuum is mostly pitch. The results of the fractionation are given 
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in Table 55. On the average 6.9 per cent of the tar by volume is 
light oil, 30.5 per cent middle oil, and 18.4 per cent heavy oil. The 
proximate analyses of the coal, whose tar yield is given in Table 55, 
from tests by Lewes as reported by Wellington and Cooper (89), 
was very similar to that of Pennsylvania coal, containing about 60 
per cent fixed carbon and about 32 per cent volatile matter. 


TABLE 55 
Fractionation of low temperature tar from Barnsley coals 


PER CENT GALLONS PER GROSS TON 
VOLATILE 
MATTER 


COAL ER PR aaa or Naa eT UAT TaN Gea 
InN coau | Light oil | Middle oil] Heavy oil] Pitch | Total tar 


Phorncliifen Jess siaistse « 33.1 1.94 9.20 5.57 14.3 31.0 
Swale yc dee vse dee Ake 32.5 1.28 7.49 4.04 13.0 25.8 
toelbomei seus acted 31.1 2.08 8.20 3.98 9.7 23.9 
TARO this sadn siorarciei alone 32.0 1.26 7.12 3.56 12.0 23.8 
Ware a Leis. schere ylevaralshs 30.5 2.05 6.64 5.86 7.3 21.8 


TABLE 56 
Fractionation of low temperature tar from Warwickshire coal 


PER CENT OF FRACTION 


PER CENT| SPECIFIC 


Lie Aas TAR GRAVITY 


Acids Bases Mewtesl 

per cent per cent per cent per cent 
Wiptol7OS C2188 iii cape ence 5.1 0.850 | 10.2 Ia 88.1 
MAO MEO ZO0 © sociale earths 20.5 0.949 | 45.9 1.0 53.1 
250 Storr On © scree eaten une eee 14.4 0.981} 49.5 3.5 47.0 
AHO mbOrSLO a br nuseatcscecers cea verses 1227 1.003 | 37.6 2.3 60.1 
BLOM GOI8SSs Chae ee ne ea 10.1 1,132 | 33.2 2.4 64.4 


A Warwickshire coal, containing 10.3 per cent moisture, 35.3 
per cent volatile matter, 40.8 per cent fixed carbon, and 13.5 per cent 
ash, was distilled at 600°C. in vertical retorts at the Fuel Research 
Station. The tar from this experiment had a specific gravity at 
15°C. of 1.029, contained less than one per cent mineral matter and 
2.29 per cent water. It was fractionated by Parrish and Rowe 
(139) with the results given in Table 56. The percentage acids and 
bases are also shown. 
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In regard to experiments made upon coals of the United States, 
Parr and Olin (37) obtained a dark brown tar, which had a specifie 
gravity of 1.069, from Illinois bituminous coal. Crude fractionation 
gave the following results: 17.2 per cent light oil up to 210°C., with a 
specific gravity of 0.966; 52.7 per cent heavy oil from 210°C. to 
325°C., with a specific gravity of 1.032; and 30.1 per cent pitch over 
325°C., with a specific gravity of 1.270. These fractions were refined 
and the yield between certain points computed as a percentage of the 
tar with the results shown in Table 57. 


TABLE 57 
Refinement of fractions of low temperature tar from Pennsylvania coal 


FRACTION PER CENT OF TAR 
per cent 
Light oil: 
ADEM OM COLO as seni cakes sacra crtaets camera eae ee eS ee 5.7 
ATIC SYA DABCB 5 incase cele hacsaceile Deion einen one eter 0.9 
DA UORO Es ile thie ont e CN Stew ec tn Lear eens gen I fou meat aaa Bema 0.38 
Ro Serkec a ee CE ot 1.33 
HD ADO MUO G Coes ccecyca Is syeleun State <a a He uae cee EO 4.77 
HM OVA a ornay, ikl ttt an. tore houcdevelsecboatin ails temr eels nicest pruiioiorat 2.67 
OO CO On G radar tn aire dae ahora Sachets PRhets tan wo aI Cee 1.32 
Heavy Oil: 
MRSA Tease CUCL es esp ees ats Sco sicpecal ahs aroun cototaic, ccasaustaviga ce ainieie ole aheRerskeaainte 22.2 
PR emU Ona oe Coat iete ate inky oes ero cet clave eis apes ean oars meee ane ataho RETO eee 2.87 
DO mMt Ona stray, « cay) wleca rt aia ake leloeisen.cte el Searuieral e eloteas tated ters 13.55 
ON ETA Coe re Ot A CR ee ORs Aramis Brite 1.53 


Low temperature tars obtained from the Pittsburgh and Upper 
Kittanning beds of Pennsylvania at 550°C. to 650°C. have been 
fractionated by Davis and Parry (97). A comparison of the boiling 
ranges of low temperature tar, crude shale oil, and petroleum is given 
in Fig. 24. Examination of these curves discloses that below 250°C. 
none of the low temperature tars is as volatile as petroleum and that 
below 200°C. shale oil contains a larger percentage of volatile con- 
stituents than the tar. Above 200°C., the percentage by volume of 
the tar which distills exceeds that of the shale oil and, at a slightly 
higher temperature, even that of petroleum. The low temperature 
tar obtained from the Carbocoal process contains higher-boiling 


100 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


hydrocarbons than the other tars, as demonstrated by the position 
of the curve in the illustration. 

Fig. 25, after Davis and Parry (97), shows the distillation range of 
tar from five Pennsylvania coals. All of these tars had about the 
same volatility, except Pittsburgh rooster coal, which contained more 
of the lighter oils with boiling points below 150°C. This particular 
tar gave a lower percentage of phenol and unsaturated compounds 
than the other samples. The specific gravity of these tar fractions 
increased from 0.882 at 175°C. to 0.992 at 275°C. 
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Per Cent. Volume of Tar Distilled 
Fig. 24. Bortine RANGE oF Low TEMPERATURE Tar, SHALE OIL, AND 
PETROLEUM 


1 = Carbocoal tar. 2 = Upper Freeport tar at 600°C. to 650°C. 3=Upper 
Freeport tar at 550°C. 4=Shaleoil. 5 = Petroleum. 


Parr and Layng (102) distilled low temperature tar from Utah 
coal and found that 4.02 per cent distilled from 0°C. to 170°C.; 
37.1 per cent from 170°C. to 300°C.; 34.7 per cent from 300°C. to 
360°C.; leaving 22.8 per cent pitch and loss. The fraction from 
170°C. to 300°C. was composed of 28.6 per cent tar acids, 4.6 per 
cent amines, and 22.4 per cent paraffins. 

Giles and Vilbrandt (99) made a careful study of the low tem- 
perature carbonization products obtained at various temperatures 
from Farmville, N. C., coal. The effect of temperature upon the 
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composition of the gas from this coal has already been seen in Fig. 12. 


The influence of temperature of carbonization on the volatility of the 
tar is nicely illustrated in Table 58. It will be observed that when 
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oO 5 10 5 20 45° 50 55 GO 
Per Cand Nitec ae Distilled 
Fig. 25. Borrine Rance or Low TEMPERATURE TARS FROM PENNSYLVANIA 
CoaLs 


1 = Pittsburgh seam. 2 = Upper Freeport. 8 = Lower Freeport. 4 = 
Pittsburgh roof. 5 = Pittsburgh rooster. 


TABLE 58 
Fractionation of tar from North Carolina coal carbonized at various temperatures 


TEMPERATURE OF CARBONIZATION 
FRACTION Ss a Se ee eee 
300°C, | 360°C, | 420°C. | 540°C. | 600°C. | 660°C. 


per cent) per cent) per cent! per cent} per cent| per cent 


OPED LIO Ol tan Senden descceensaes 31.0 | 18.2; 11.9} 9.8} 8.9) 8.8 
WOF GO: 280° Ci ci. dacs eraiee Bieteacine ie 25.6 | 30.6 | 25.8 | 10.6] 10.0} 8.1 
2 LALOR Og Gra tare id sieclss) <i, wearers, nents ion 18.8 | 17.4 | 138.38] 7.1 | 10.6] 7.1 
DA ORAL: Ose cts aia sere heel agsisient acetone 12.4} 13.3] 7.9] 7.2] 6.9 
UD eME ORO Oates sina peaie gts eters te = 9.3 | 13.8 | 32.4 | 23.5 | 14.0 


VESICLE Gs 0i, terre gis Pre © enh t od ake Owe 7.1 | 10.9 | 18.3 | 27.1 | 38.8 | 54.9 


the temperature of distillation is advanced from 300°C. to 660°C. 
the proportion of the lower fractions as a percentage of the entire tar 
undergoes a decided decrease, while the proportion of the heavier 
fractions have a corresponding increase. Between the distillation 
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temperatures of 300°C. and 660°C., the percentage of the fraction 
70°C. to 170°C. is reduced at the higher temperature to almost one- 
fourth of its initial value; the percentage of the fraction from 170°C. 
to 230°C. is reduced to about one-third of its former amount; and the 
fraction 230°C. to 270°C. suffers a reduction to about three-fifths 
of its value at the lowest temperature. On the other hand, increase 
of the carbonization temperature from 200°C. to 660°C. causes the 
amount of the fraction from 315°C. to 355°C. to about double, while 
the residuum above 355°C. is increased from 7.5 per cent of the total 
tar to 54.9 per cent. It is quite evident that the higher the tem- 
perature of carbonization, the less is the proportion of light oil and 
the greater is the proportion of heavy oil and pitch in the tar. 


TABLE 59 
Fractionation of tar from Washington lignite carbonized at various temperatures 


TEMPHRATURE OF CARBONIZATION 
FRACTION 


300°C, 400°C. 500°C. 600°C. 
Lost 50; CaGight oil) a taanauccoson 10.7 10.5 ifs! 3.9 
150° to 300°C. (medium oil)...........] 42.5 41.7 41.5 40.9 
Above 300°C. (paraffin oil)........... 33.4 33.2 . 29.8 27.8 
CORGT EArt sub e ws male ce Vee eaene Soteae 10.0 10.3 15.9 21.1 
THOS Bi alere aie Mtuiel ta eaaai pase aamarccdnure ear arate 3.4 4.3 5.0 6.8 

100.0 100.0 100.0 100.0 
Soft parathmen wir waew ene asses ntn 1.8 1.9 1.4 0.5 
Hard paraffin....... asian loysPave ie ape gin 5.0 5.2 2.1 0.6 


We have already seen in Table 29 the effect of the temperature of 
carbonization on the composition of the gas evolved from distillation 
of Washington lignite. Benson and Canfield (108) also fractionated 
the tar condensed from these experiments. The results are given in 
Table 59. The findings in this case agree with those of Table 58, 
except that here the decrease in light oil fractions with increasing 
temperature of carbonization is compensated by an increased propor- 
tion of coke. With Washington lignite, the specific gravity of the 
light oil fraction advanced from 0.807, when obtained at 250°C., 
to 0.821, when the coal was distilled at 600°C. The specific gravity 
of the middle oil fraction advanced from 0.905 to 0.955 at the same 
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» temperatures, while that of the heavy or paraffin oil changed from 
0.939 to 0.985. 

In Table 27 there was shown the composition of gas obtained from 
earbonizing peat in vertical retorts, as determined in an investigation 
conducted by the Fuel Research Board (106), under conditions of 
temperature somewhat exceeding the limits ordinarily construed to 
fall within the category of low temperature distillation, but which 
will be reproduced here, as data on peat tar are decidedly lacking in 


TABLE 60 
Fractionation of peat tar by Fuel Research Board 


TEMPERATURE OF CARBONIZATION 


FRACTION 


997°C. 813°C. 
Per cent water collected..................05- 3.2 5.5 
Dpeclucwgravityiiar (dry)or....9..,..a0eesees 0.997 0.986 
Bruper pound tar-Cdry) .csaswess os avn ee 16,500 16,210 
PEIMCeNt free sCATDONG sas seen oc bcieciaecseae s 0.62 0.17 
PPERNCOMbIO GIN a cioiel se ana Natale slag sak eee eee oe 0.12 0.15 
Percent SULDOUT IE, ocame te cgise sesiicacewee fe 6 0.10 0.10 
Fractionation (weight): per cent per cent 
NG} THE OR SGA ik ar ey Sea ae en Se RR 2.6 2.3 
HOKU Orono esas ca tecerameaietoia Siete eine emcee © 14.3 13.6 
DAO estOi2 On Cancracaiecconstelsiecsiesepte isin’ Ses Gene ete 13.6 
DA ebOL LOC carrie ae closets cco. staiavcra shestrae neler 21.0 24.5 
LOMO IBOMILUC I) verses sore seis Salebicele foes Ye de 16.9 
IBGE GL Pees cpar terrains oisuave ok oud accrue hoes ossyecsbeie = ahd 34.7 25.6 
OOS Bie aie Waker csi wacko lel Cia stares ei a etme ane 3.0 3.5 


the technical literature. The results of these tests, as applied to 
the tar, are given in Table 60. 

The tar from peat was a thick and semi-solid mass which contained 
a high proportion of paraffin wax and only a small amount of am- 
moniacal liquor. The tar from the 843°C. test contained about 
6.5 per cent paraffin wax which melted at about 52°C. The first 
fraction contained about 13.2 per cent bases and unsaturated com- 
pounds and 40.5 per cent tar acids, while the second fraction was 
composed of about 54.0 per cent bases and unsaturated hydrocarbons 
and 8.0 per cent tar acids. The last two fractions were solid at 10°C. 
and contained practically all the paraffin wax. A separate proportion 
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of the 843°C. tar was submitted to vacuum distillation with the 
result that 0.45 gallons of purified and refined light motor spirit was 
obtained per gross ton of peat. The total peat tar, which was 
produced, represented about 20 gallons per gross ton. From a study 
of the effects of temperature on the proportion of the tar fractions, 
as demonstrated in Table 58 and Table 59, it would appear that under 
true low temperature conditions, peat tar would fractionate to about 
7 per cent in the cut up to 170°C., about 31 per cent in the cut from 
170°C. to 230°C., about 12 per cent in the cut from 230°C. to 270°C., 


TABLE 61 
Fractionation of petroleum and shale oils 


PENNSYL- SHALE OIL 
VANIA 
FRACTION Res 


LEUM Scotch | Indiana Utah | Colorado 


per cent per cent per cent per cent per cent 


ODO OO OFS cd die onl ten onginns 2 Bk 0.90 0.17 0.7 0.75 
DOTO FD Ose fins deiegerabied a eae 1.61 0.24 1.6 0.96 12 
FD SUD AOU Cal cok ois ie gi are wa Sates 4.08 1.18 2.6 0.71 1.1 
LOO GOZO 2 Corde ase vec sree i ase 8.29 2.77 4.6 1.93 2.8 
IPAs Sa oye latte OB ae anda n obras ae 5.46 4.06 4.7 3.18 4.4 
LOO GOATS: Cac A sabe horses 's Se 6.77 3.82 5.7 5.30 4.8 
VLG? ND 2005 Ci eak asst nie Caleisiecn vapors 5.82 4.56 6.2 4.42 5.3 
200 O22 1OF. en ences dante week 6.95 5.57 6.7 6.70 5.6 
226 00 BOO Cradtide a ciqermsen ave 6.42 7.33 6.6 7.35 6.4 
PEDO Gave oh Boca dis Bip ok 7.46 7.57 8.1 | 10.75 7.4 
DORAL cont te ekenwesinn ye deren 52.76 | 37.10 47.5 | 39.95 39.0 


and about 24 per cent in the cut from 270°C. to 335°C., with about 
26.0 per cent pitch and loss. 

According to Garvin (112), to whom the data in Table 61 are due, 
shale oils of the United States are less volatile than Pennsylvania 
crude petroleum and somewhat more volatile than Scottish shale 
oil. Up to 270°C., nearly 53 per cent of Pennsylvania. petroleum 
distills over, as compared with about 48 per cent for Indiana shale 
oil, 40 per cent for Utah shale oil, and 39 per cent for Colorado shale 
oil. It is well to compare the results of Table 61 with those of 
Fig. 24, where it is quite evident that low temperature tars from bitu- 
minous coals are closely related to shale oil. 
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The data in Fig. 26 are plotted from figures reported by Garvin 
(112). The illustration gives a distillation analysis of the various 
fractions of Scottish shale oil and two distillation analyses of Ameri- 
can gasolines for comparison. It is seen from the illustration that 
light oil fractionated from crude shale oil is considerably more volatile 
than ordinary gasoline, while the naphtha cut has a characteristic 
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Fig. 26. BorntiIna RANGE OF SHALE OIL FRACTIONS AND OF AMERICAN GASOLINE 


distillation curve very nearly resembling that of gasoline, except that 
it has a slight deficiency in oils boiling below 100°C. and contains 
slightly more of the oils boiling between 120°C. and 220°C. The 
lubricating oils, fractionated from shale oil, contain only about 25 
per cent oils boiling below 340°C. : 

Steam Distilled Tar. It has been pointed out that, although the 
presence of steam in the retort during low temperature carbonization 
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appears to have little effect on the quantity of tar produced, there 
is a decided change in the constitution of the product, as indicated 
by its fractionation. It has also been shown that the major function 
of steam is the prevention of secondary reactions by rapid removal 
of the products of distillation from the carbonization chamber. 
Steam distilled tar should, therefore, contain more of the primary 
products of coal. The curves in Fig. 27, after Davis and Parry 
(97), compare the distillation range of steam distilled tars at various 


° 5 10 15 20 ple) 30 35 40 45 50 
Per Cent. Volume of Tar Distilled 

Fig. 27. Boinrinc RANGE or StHam DistiLLED Low TEMPERATURE TAR AS A 

FUNCTION OF TEMPERATURE 


1 = 475°C. steam distilled tar. 2 = 550°C. steam distilled tar. 3 = 650°C. 
steam distilled tar. 4 = 550°C. atmospheric distilled tar. 


temperatures with that obtained in atmospheric distillation at 550°C. 
The low temperature tar was distilled from Pennsylvania coal. The 
volatility curve for atmospheric tar obtained at 550°C. lies entirely 
below the curve for steam distillation beyond fractions with a boiling 
point of 150°C. This indicates that steam carbonization at low 
temperatures yields a tar with a larger percentage of higher-boiling 
constituents than the ordinary product. It will be noted that under 
steam distillation the proportion by volume of lighter oils in the tar 
increases with temperature rise in carbonization, due no doubt to 
cracking effects. 
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Variations of the pressure under which fractionation is accom- 
plished is a factor in determining the percentage of tar distilled at a 
given temperature. Fig. 28, after Davis and Parry (97), shows the 
effect of fractionation under 4 cm. of mercury pressure, when working 
with low temperature tar from Pennsylvania coal. In the first place, 
it will be seen that the steam tar is far more volatile than ordinary 
tar obtained at the same temperature. This is the reverse of the 
case when fractionation is carried on under atmospheric pressure, 
as shown in Fig. 27. Furthermore, above 275°C., the proportion 
of the steam tar distilled increases far more rapidly than does ordinary 
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Fig. 28. Boning RANGE oF VACUUM FRACTIONATED STEAM DISTILLED Low 
TEMPERATURE TAR 


= 550°C. atmospheric distilled tar. 2 = 475°C. steam distilled tar. 3 = 
650°C. steam distilled tar. 4 = 550°C. steam distilled tar. 


low temperature tar. The volatility of both steam and regular low 
temperature tars, when fractionated 7n vacuo, is decidedly less than 
when the distillation is carried out under ordinary pressures. At first 
thought, this would not be anticipated, because it might be supposed 
that reduction of pressure would lower the boiling point and, conse- 
quently, increase the volume of oil distilled at a given temperature. 
This would, of course, be the case, if the constituents of the tar ex- 
isted in the same form in both the crude and the redistilled state. By 
comparing Fig. 27 and Fig. 28 it will be seen, however, that at 225°C. 
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only about 2 per cent of the tar is distilled in vacuum fractionation, 
whereas, about 6 per cent is obtained at the same temperature under 
ordinary distillation. This behavior finds easy explanation in the 
fact that: temperatures even as low as 225°C. cause transformation 
of the tar constituents from primary to secondary compounds. 

The unsaturated hydrocarbons, which are present in the tar, must 
be accounted part of the refining loss, judging from the present 
standards of the petroleum industry. Pennsylvania low tem- 
perature tar contains about 42 per cent unsaturated material in the 
light oil, 45 per cent in the middle oil, and 63 per cent in the heavy 
oil. This is of importance, from the standpoint of motor fuel, 
because the unsaturated compounds must be removed before the oil 
is considered satisfactory for use in internal combustion engines, 
according to present standards. Therefore, a low percentage of 
unsaturated material in the low boiling fraction will greatly increase 
the yield of motor spirit.’ 

Low temperature tar is usually examined by determining the per 
cent of each crude fraction soluble in 10 per cent sodium hydroxide, 
which represents the amount of tar acids present in the cut. Then 
the tar is treated with 95 per cent sulphuric acid, which removes the 
unsaturated hydrocarbons. The residuum consists of the saturated 
compounds which are present in the fraction. The Pennsylvania 
coals, studied by Davis and Parry (97), have been examined in this 
manner. Using a tar obtained at 550°C., they found for ordinary low 
temperature tar the following percentages of saturated compounds 
in the various fractions: 50.5 per cent from 0°C. to 175°C.; 30.0 
per cent from 175°C. to 225°C.; and 26.0 per cent from 225°C. to 
275°C. With steam distilled tar the quantity of saturated hydro- 
carbons in the various fractions was 53.1 per cent, 37.0 per cent, and 
30.3 per cent, respectively, showing a slight increase. The per- 
centage of unsaturated compounds in the corresponding fractions 
of the same tars was 35.0 per cent, 25.0 per cent, and 44.0 per cent, 
respectively, for the ordinary primary tar and 38.5 per cent, 23.0 
per cent, and 43.4 per cent, respectively, for the steam distilled tar. 
We see that no great change occurred in the proportion of unsaturated 
material in the fractions of low temperature tar by virtue of the 
presence of steam. Under the discussion of tar acids, it was shown 
that the small increase in saturated compounds, noted above in the 
case of steam tar, is accounted for, not through any change in the 
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amount of unsaturated material present, but through a reduction 
in the percentage of tar acids evolved in steam distillation. 

The results of Davis and Parry (97) on the examination of low 
temperature tar from Pennsylvania coal carbonized at 550°C. 
showed that a larger amount of oil up to 275°C. was present in 
ordinary low temperature tar than in tar obtained by carbonization 
in the presence of steam. This higher yield of oil up to 275°C. is 
doubtlessly the result of some secondary reactions, prevented by the 
introduction of steam, as indicated by the presence of considerably 
more pitch in the ordinary tar than in the steam tar. 

Full-Scale Retort Tar. Many additional factors enter into the 


TABLE 62 
Comparison of large-scale low temperature tars 


FURL 


Sorrow naselecs some ba panaecoee 
(114) 
Specific gravity of tar................. 1.033 1.060 1.076 1.070 
Tar B-t-us per pound... 0c... eee: « 16,840 16,000 
per cent of | per cent of | per cent of | per cent of 
Fractionation: crudetar | crudetar | crudetar | crude tar 
Ost ONl OS Cis xe rcle i s.conalsicceuee ya nieces 9.1 6.0 4.8 4.2 
AO tOreaO Cems he. a Lareacetwceosate Stolats 19.4 16.5 20.0 14.6 
DIO MTOM TOC soreasa ce 4 civoc eevee nm: 12.8 9.0 14.5 13.8 
ZOO MUONPLEC IIS ox cies cot eucteis eels ore lel 11.8 36.0 24.0 18.2 
MERC Tne ca me eos nak che oe tam ts 46.6 32.5 35.0 49.8 
DOSS encore oniccii a miteices Kewanee 0.3 1.8 0.4 


situation when large-scale operations are carried out, so that only 
rough estimations of commercial retorts can be drawn from com- 
paratively small laboratory experiments. It is important, therefore, 
to study the products of large-scale carbonization processes when 
such data are available. In this connection, it should be pointed out 
that so much depends upon the coal used that it is important that 
some method of small-scale distillation be devised, so that by the 
application of certain factors of proportionality a fair idea may be 
gained as to what might be expected in large-size retorts. A discus- 
sion of several laboratory devices for this purpose has already been 
given in Chapter I, under the subject of assay. A more detailed 
examination of low temperature tars will be undertaken in the dis- 
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cussion of individual processes, but for present purposes a comparison 
of the low temperature tars, obtained by several different processes, 
will suffice. This comparison is given in Table 62. The various 
retorts, given in the table, represent different types. All are ex- 
ternally heated, except the Nielsen retort, which is a rotary kiln 
wherein the coal is carbonized by the sensible heat of producer gas. 
The Fuel Research Board and Tozer processes are horizontal and 
vertical static retorts, respectively. The Carbocoal system is a two- 
stage process, involving primary carbonization in a horizontal inter- 
nally agitated retort, briquetting, and finally secondary carbonization 
in an inclined oven. 

The Fuel Research Board (114) experiments were made with 
Dalton Main No. 2 coal as the charge. It will be seen that, not only 


TABLE 63 
Yield of oils from horizontal retort low temperature tar with Dalton Main coal 


SPECIFIC 


FRACTION Gravity | pen cant TAR | PRR GROSS TON 
To 160°C. (light naphtha).. ......... 0.829 8.25 1.38 
160° to 200°C. (heavy naphtha)........ 0.870 4.59 0.77 
200° to 270°C (burning oil)............ 0.886 11.95 2.00 
ZLOMCO B00, Cras Oil) ae eeae = saya 0.976 5.46 0.91 
300° to 360°C. (light lubricants)....... 1.005 5.10 0.85 
Motalcoilsyin ges asic cis acti: Broo 5.91 


is there a variation between the small and large-scale products, but 
also among the large-scale processes themselves. Especial attention 
is called to the low yield of the cut, 270°C. to pitch, obtained in the 
Fuel Research Board experiments, as compared with that obtained 
in other processes. Furthermore, the large amount of pitch obtained 
and the generally higher yield of lighter hydrocarbons are all indic- 
ative of cracking and secondary reactions in the Fuel Research 
Board horizontal retorts. The fractions of the tar, obtained from 
Dalton Main No. 2 coal in the Fuel Research Board horizontal 
retorts, can be classified according to their use in the trade. The 
classification in Table 63 gives in gallons per gross ton the quantity 
of oil that may be expected in these cuts. In addition to the yields 
reported in the table there was a refinery loss of 4.09 gallons per gross 
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ton, a yield of 2.54 gallons per gross ton of tar acids, and a residuum 
of 67.5 pounds of pitch per gross ton. The temperature of car- 
bonization was 600°C. 

Four British coals, carbonized at low temperatures by the Fuel 
Research Board (114) in horizontal retorts, averaged 20.7 gallons 
of tar per gross ton, which yielded upon fractionation 10.3 gallons 
of crude oil per gross ton of dry coal retorted. This yield of crude 
oil was reduced to 5.8 gallons per gross ton, upon washing and refining, 
or a loss of about 44 per cent in the refinement process. It has been 
shown that low temperature tar contains 35 per cent to 40 per cent 
unsaturated hydrocarbons, which must be removed from the oils to 
render them of commercial value, according to the present standards 
of the petroleum industry, which is the chief competitor of low tem- 
perature carbonization as a source of liquid fuels. Thus, the un- 


TABLE 64 
Average yield of refined oils from British coals in horizontal retorts 


GALLONS PRR GROSS TON 
FRACTION 


Crude oil Washed oil Refined oil 
OsaEOR ORG ea rae aavrrsts singe co tsi cokes 1.98 1.72 1.52 
TAD host 0 sk Oita in en foe er ne a 3.31 1.68 1.60 
A) aeuOHe LO Crnteaeealetittc ctesiet ee asenaenste 2.50 1.28 1.20 


TO RUOR SLO O yar snreti ae atsleietaiele. races siclave siaetts 2.54 1.62 1.50 


saturated material becomes the major portion of the refining loss. 
Table 64 gives the original fractional yields in gallons of dry tar per 
gross ton, as well as the yields of washed and refined oils. The 
reduction in refining varies from about 25 per cent in the first fraction 
to about 50 per cent in the last. 

Low temperature tar has a high fuel value, ranging from 16,000 
B.t.u. to 16,500 B.t.u. per pound, but it has a low flash point. At- 
tempts to remedy this fault have been made through removal of the 
light oils, but so far this procedure has rendered the tar too viscous 
for use. The question of mixing low temperature tar with mineral 
oils for use as a fuel has been raised. In a number of instances this 
has been found impractical because of their immiscibility. Thus, 
with American petroleums and shale oils, low temperature tar has 
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TABLE 65 
Miscibility of low temperature tar with petroleum 


PER CENT 
PETROLEUM sepa DTD piebiirertne NATURE OF SEPARATION 
90 9 Resinous and gummy 
F 50 19 Resinous and gummy 
American .>.-....... 0.902 35 18 iDiele wad anny 
25 4 Black fluid 
90 8 Resinous and gummy 
75 12 Semi-solid 
Burma. pane. 0.895 50 18 Thick fluid 
35 24 Thick fluid 
25 No separation 


90 5 Thick fluid 

75 10 Fluid 

50 No separation 
35 No separation 


IMLO XTC ATTY es cles seca 0.936 


90 No separation 
75 10 Thick fluid 
50 20 Thick fluid 
25 25 Thick fluid 


iIPETSVaTie ous ser 0.942 


75 11 Semi-solid 
80 14 Thick black fluid 
30 5 Thick black fluid 


90 ll Thick and gummy 
75 12 Thick and gummy 
50 20 Thick fluid 

35 18 Thick fluid 

25 No separation 


DEIN «ery ween 0.968 
heated during mixing 


| 
| 
| 
| 


van | No. separation when 


— 
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been found to be quite immiscible in all proportions, their mixtures 
causing a separation of a thick black gummy fluid. Burmese oil 
formed a stable mixture up to 25 per cent tar and Mexican oil did 
not give a separation until more than 50 per cent low temperature tar 
was present. Trinidad was the only petroleum which was miscible 
in all proportions and then only upon heating during the mixing 
process. ‘Table 65 shows the results of experiments made on this 
problem by the Fuel Research Board (114). 

A method of overcoming the immiscibility of low temperature tar 
with crude petroleum has been proposed by Lessing (153). The tar 
is mixed with petroleum, which causes a separation of the pitch, and 
the mixture is then subjected to steam distillation, which gives a 
sharp separation of the pitch and the oil. The distillate is finally 
fractionated into liquor, neutral oil, tar acids, bases, and pitch. The 
crude oil is approximately 81 per cent of the mixture and yields on 
distillation: 56.1 per cent neutral oil; 24.4 per cent tar acids; 0.2 
per cent tar bases; and 16.9 per cent pitch. 

Tar Cracking. Dalton (154) apparently made the first investiga- 
tion of the pyrogenic decomposition of hydrocarbons, but no system- 
atic effort was made to study this phenomenon until Bertholet (155) 
(156) (157) published the results of his researches, in which he found 
that methane, ethane, and ethylene decomposed into acetylene and 
other hydrocarbons. The polymerization of acetylene to form 
aromatic hydrocarbons has been discussed in Chapter I, under the 
subject of chemistry. 

According to Williams-Gardner (158), the views of Bertholet, that 
acetylene plays an important part in the formation of cyclic com- 
pounds, are obsolete and the mechanism of the formation of aromatics 
must be modified to include, either the momentary existence of 
unsaturated residuums, which may be transformed by polymerization, 
hydrogenation, or broken down into carbon and hydrogen, or else 
the direct formation of olefines and methane, with or without the 
liberation of hydrogen and without the necessity of forming acetylene. 
The opinion of Williams-Gardner is substantiated by his own ex- 
periments, by the work of Anschutz (159), who obtained aromatic 
compounds, ranging from benzene to anthracene, from Russian oil 
residuums by condensation of the complex hydrocarbons without 
elimination of hydrogen, and by Haber (160) who found that 
n-heptane decomposed between 600°C. and 700°C. to form methane 
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and the next lowest olefine, that is, amylene, without the formation 
of acetylene. This is also in agreement with the results of Thorpe 
and Young (161), who distilled solid paraffins under pressure and 
obtained amylene, pentane, hexylene, hexane, heptylene, heptane, 
octylene, octane, nonylene, nonane, undecylene, and undecane, all 
boiling below 200°C. The latter experimenters concluded, with 
others, that the decomposition give rise to olefines and lower paraffins 
with or without the evolution of hydrogen. 

Jones (162) observed, from his study of the influence of temperature 
in cracking low temperature tars, that the mechanism of decomposi- 
tion consisted essentially of the disintegration of the naphthenes, 
paraffins, and unsaturated hydrocarbons to form olefines, which 
condense at higher temperatures to form aromatic compounds. He 
found that the proportion of higher olefines, which appear in the gas 
from cracking, reached a maximum at 350°C. and almost disappeared 
at 750°C. At the latter temperature, naphthalene appeared in the 
gas and shortly afterwards there was a rapid increase in hydrogen 
evolution. 

The effect of heat on the various constituents of primary tar was 
studied by Fischer (49), who concluded that the amount of phenol 
and its lower homologues, initially present in the tar, is augmented by 
decomposition of the higher members of the series at temperatures 
below 700°C., aromatic hydrocarbons of the benzene series being 
formed from the phenols above 700°C. According to Parrish (117), 
also, below 700°C. the effect of heat upon primary tar is to cause 
decomposition of the higher boiling constituents into lower boiling 
compounds of a similar type. The higher phenols, in particular, are 
sensitive to this cracking effect. In general, the higher the tem- 
perature, the greater is the proportion of lower members of a given 
series of compounds. Decomposition becomes more radical above 
700°C., producing aromatic compounds, especially benzene, naphtha- 
lene, anthracene, phenol, and pyridine. Most of the higher phenols 
are entirely cracked into phenol, cresols, and xylenols. The tar 
bases also decompose to form pyridine and quinoline together with 
their homologues and derivatives. 

The light and middle oils, reported in Table 70 as fractionated 
from Pennsylvania low temperature tar by Davis and Parry (97), were 
vaporized in a retort and passed through a cracking chamber which 
was heated to various temperatures at atmospheric pressure. The 
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raw stock constituted the neutral fraction from 175°C. to 275°C. 
Table 66 shows the amount of motor spirit obtained from the cracked 
distillate and scrubbed from the cracked gas. A maximum yield of 
hydrocarbons boiling below 175°C. was obtained from the neutral 
oil at a cracking temperature of 750°C. The refining loss, due to the 
presence of unsaturated material and tar acids in the fraction, 
amounted to 56 per cent. Analysis of the fraction showed the 
presence of aromatic hydrocarbons, principally in the form of benzene. 

The curves in Fig. 29, after Davis and Parry (97), show that the 
amount of oil recovered after cracking is almost exactly inversely 
proportional to the temperature and that the yield of light oil and gas 
increased with temperature rise, but at a decreasing rate. Compari- 
son of Table 66 and Fig. 29 points out that, although the percentage 


TABLE 66 
Motor spirit yielded by cracking Pennsylvania light and middle neutral oiis 


GALLONS PER NET TON COAL 


TEMPERATURE Cracked distillate Spirit from gas 
Crude Refined Crude Refined 
2G, Woke Tc el ee ee ae San SA 
650 0.96 0.42 0.06 0.03 
750 1.02 0.45 0.21 0.11 
820 0.27 0.12 0.59 0.29 


of motor spirit contained in the cracked oil reaches 2 maximum at 
750°C., the yield of motor spirit in the gas has no such maximum, 
but continues to increase with the temperature. 

Wher the anthracene oil fraction from 280°C. to 350°C. of Table 70 
was subjected to similar cracking reactions at 800°C. and atmospheric 
pressure, about 50 per cent of the cracked oil was recovered, yielding 
per net ton of coal 0.12 gallon of crude light oil, boiling below 175°C. 
This was no increase from that obtained in the Hempel distillation 
of the anthracene oil before cracking, so that in cuts up to 200°C., 
at least, it may be said that little secondary decomposition took 
place in the anthracene oil fraction. About 47 cubic feet of gas per 
gallon were evolved during the heating at 800°C. and this yielded 
upon scrubbing 2.2 per cent of the fraction, or 0.09 gallon of crude 
light oil per net ton of coal. 
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Curtis and Beekhuis (163) conducted a number of cracking tests 
on the neutral oil of low temperature tar from the McIntire process 
and made from West Virginia coal, containing 3.0 per cent moisture, 
36.0 per cent volatile, 50.5 per cent fixed carbon, and 10.5 per cent 
ash. The coal was carbonized at 620°C. Pressures varying from 100 


ight Oil Recovered in 
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Fig. 29. Lieut Orn AND FixEp Gas FRoM LOW TEMPERATURE TAR AS A 
FuNcTION OF CRACKING TEMPERATURE 


pounds to 500 pounds per square inch were used in cracking. They 
found that decomposition was slow below 400°C. but that above 
450°C. the formation of coke, accompanied by high gas yield, was 
rapid. Within the range of their observations, the effect of pressure 
variation on the rapidity and character of the cracking was slight. 
By cracking the kerosene fraction of the neutral oil, they found that 
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the yield of oil boiling below 210°C. could be increased from 20 per 
cent of the neutral oil initially present to about 35 per cent. 

Morrell and Egloff (164) cracked a typical low temperature tar 
from a West Virginia bituminous coal, which yielded about 25 gallons 
of crude tar per net ton. The crude tar, with a specific gravity of 
1.074, was cracked at 100 pounds per square inch pressure and 452°C. 
temperature to yield 40 per cent cracked distillate with 0.8927 
specific gravity. The gasoline fractionated from the cracked distil- 
late amounted to 18.1 per cent of the intial crude tar, and had a 
specific gravity of 0.8299. The straight distillate from this low 
temperature tar analyzed 26.5 per cent tar acids, 3.3 per cent tar 
bases, 44.3 per cent unsaturated hydrocarbons, 9.5 per cent 
aromatic hydrocarbons, and 16.5 per cent naphthenes and paraffin 
hydrocarbons, while the cracked distillate from the straight distillate 
contained 21.3 per cent tar acids, 4.3 per cent tar bases, 27.0 per cent 
unsaturated hydrocarbons, 20.3 per cent aromatic hydrocarbons, and 
27.3 per cent naphthenes and paraffin hydrocarbons. 

The neutral oil from this same low temperature tar, having a 
specific gravity of 0.9484, when cracked at 175 pounds per square 
inch and 427°C., yielded 50 per cent cracked distillate of 0.8514 
specific gravity, which fractionated to give 31.9 per cent of the initial 
crude tar as gasoline of 0.8090 specific gravity. Analysis of the 
neutral oil before cracking showed it to be composed of 2.7 per cent 
tar acids, 4.5 per cent tar bases, 60.6 per cent unsaturated hydro- 
carbons, 9.4 per cent aromatic hydrocarbons, and 22.8 per cent 
naphthene and paraffin hydrocarbons, while the cracked distillate 
analyzed 4.8 per cent tar acids; 4.8 per cent tar bases, 38.4 per cent 
unsaturated hydrocarbons, 19.4 per cent aromatic hydrocarbons, 
and 32.7 per cent naphthenes and paraffin hydrocarbons. 

These data show a decided decrease upon cracking in the un- 
saturated compounds and a small increase in the aromatic hydro- 
carbons. The tar acids in the cracked distillate appeared to be 
mainly cresols. No naphthalene was present, either in the initial 
crude tar or in the cracked distillate. While only a trace of anthra- 
cene was found in the original low temperature tar, considerable 
quantities were found after cracking. This was thought remarkable, 
inasmuch as the temperature of cracking was only 452°C., whereas, 
anthracene, heretofore, had been regarded as a high temperature 
product. 
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Egloff and Morrell (165) also cracked the low temperature tar from 
an Ohio-Indiana bituminous coal at 100 pounds per square inch 
and 426°C. The crude tar had a specific gravity of 1.0794 and 
yielded upon fractionation 29.0 per cent neutral oil, 27.5 per cent 
tar acids, and 1.6 per cent bases. When cracked, this crude low 


TABLE 67 
Cracking tests on shale oil 


ORIGIN OF OIL SHALE 
CRUDE SHALE OIL 


United States Australia France 
Spe Citic eravatyuerce. cs cit on eee ee nae 0.8905 0.8756 0.8956 
Pounds pressurecs.. cri weee ee 120 150 120 
Liquid temperature, °C............... 417 433 426 
Vapor temperature, °C................ 399 398 409 
Yield: per cent per cent per cent 
Cracked distillate s.c.csencinee see 82.0 55.6 61.0 
Resi duties aes sores ces ee eer 0.0 35.4 27.7 
COKearees er aie te ete ee 11.8 4.5 5.9 
Glas As dans tho terauin ae ceaearrn Cero 6.9 3.2 4.9 
Distillate fractionation: 
(Gasolinese jack react eae eee 52.8% 50.1% 51.0% 
Specilicrera vit. oness-2 see es cee 0.7499 0.7591 0.7762 
GES OU HON aii onto shia o.te chee artes 24.6% 3.5% 7.6% 
Specilicreraviby.ccche tess ce tance ee 0.8849 0.8740 0.8778 
Gasoline analysis: per cent per cent per cent 
Unsaturated hydrocarbons.......... 20.1 15.7 16.1 
Aromatic hydrocarbons............. 24.9 26.0 28.8 
Naphthene hydrocarbons........... 6.2 6.0 6.1 
Parathn hydrocarbons: <7. aa ase 49.8 52.3 49.0 


temperature tar yielded 33.9 per cent gasoline, containing 35 per 
cent tar acids, or an acid-free yield of 22 per cent gasoline. The 
neutral oil from this same crude stock was cracked at 200 pounds per 
square inch and 455°C. to yield over 50 per cent high grade anti- 
knock motor fuel. 

Shale oils from the United States, Australia, and France were 
cracked by Morrell and Egloff (166) under pressures ranging from 
120 pounds to 150 pounds per square inch and at temperatures 
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ranging from 398°C. to 433°C. to produce over 50 per cent of the raw 
stock as gasoline. This cracked gasoline was declared to be a motor 
fuel of high anti-knock value. The results of the cracking tests on 
shale oil are given in Table 67. 

Cracked Tar Gas. The fixed gas, evolved during cracking, is of 
an entirely different nature from the gas which is evolved during 
carbonization of the coal. The latter is the result of destructive 
distillation, or primary modification of the fuel constituents, while 
the former is the outcome of secondary decomposition, induced 
through the medium of heat. An analytical study of the fixed gas 
from the neutral oil fraction from 175°C. to 275°C. at various crack- 


TABLE 68 
Analyses of gas evolved in cracking neutral oil fractions 


TEMPERATURE 
CONSTITUENT 
650°C. 750°C. 820°C. 
Cubic feet gas per gallon............... 9.0 33.0 50.0 
Bets pet cubic footine. pies aeuee neck 1,175 1,035 840 
Analysis: per cent per cent per cent 
(SLO Fish ae ae acaenine s omcrle' saya 0.3 0.2 0.0 
OO eesti oh ap tees eee eee oe 0.8 0.5 251 
CON BUF te cam rr rab Nee en 36.1 33.9 56.1 
COS i Renan 6 en Rae ee See One 38.9 36.2 21.6 
Oy Eligts Shere eon eikee den Racket ne ane 15.1 10.3 2.0 
EUS hs alate erty ek Meee Rt Se Rae 6.1 5.4 17.4 
OF On ON ae NEA ss olen Tne GeO 0.5 2.8 0.2 
[Nin eee hoa oc cher co ns acer aoNeenils 2.2 10.7 0.6 


ing temperatures was made by Davis and Parry (97). This is the 
same oil fraction from Pennsylvania coal already referred to in Table 
66 and Fig. 29, and which will be further discussed in Table 70. 
Analyses of the fixed gas which was evolved from cracking the neutral 
oil at various temperatures are given in Table 68. 

The permanent gas, obtained from cracking at 800°C. the an- 
thracene oil fraction from 275°C. to 350°C., was almost identical in 
composition with that liberated by the neutral oil when cracked at 
820°C. The large percentage of hydrogen is indicative of much 
unsaturated material in the cracked oil and this was shown to be the 
case. The proportion of ethylene and of ethane decreased with rise 
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in the cracking temperature, while the percentage of methane greatly 
increased. The small percentage of the oxides of carbon which 
was produced is worthy of notice, especially in comparison with the 
compositions of the gas from carbonization, as shown in Table 23 
and in Fig. 10. 

If low temperature neutral oil is essentially the same as petroleum 
gas oil, there is possibility of it finding a commercial outlet in that 
market. A great deal of information is thrown on that matter by an 
examination of the fixed gas obtained in the cracking of petroleum 
gas oil. Such an experiment has been conducted by Davis and 
Parry (97), the results of which are given in Table 69. 


TABLE 69 
Analyses of gas evolved from cracking petroleum gas owl 


TEMPERATURE 
CONSTITUENT 
600°C. 700°C, 800°C, 
Cubic feet gas per gallon............. 12.0 24.0 63.0 
Bybee PERTCUDICLOOU tessa cement 538 1,241 922 
Analysis: per cent per cent per cent 
COO ih Mears ers 08 Sig ain rand dF Wea 1.3 0.2 0.0 
CO rks EN, Rie ele ela) ee rele os 0.9 0.6 0.5 
LGA 3 [ia Maple as as nr Nn eed fe rs oR 11.2 25.3 28.8 
COS i Pree tle or a See Mane i ies a 22.0 50.0 33.3 
LOS 8 IF Seepns ar eaiet teas eames alpen e Cees 12.2 15.2 8.7 
3 Su aa Aan ieaah a, ectompne eae ot EN ye 1.5 4.6 5.1 
LG I cha pete OR cea ae Tae ate Car (esl Led 5.3 
INV gets ltracecanakade Magee uncer se tt at Cae 43.3 3.0 18.3 


The gas, evolved in cracking petroleum gas oil, has about the same 
thermal value as that obtained from the low temperature tar neutral 
oil, but a somewhat larger quantity of gas is produced. Far less 
hydrogen and methane is evolved from the former, but a very large 
percentage of nitrogen. It might be said, in general, that the two 
oils are not greatly different and that low temperature tar neutral 
oil is comparable with the petroleum gas oil fraction. 

Hydrogenation. Upon consideration of the facts hitherto pre- 
sented, it appears that primary tar normally consists of aliphatic 
hydrocarbons and phenolic compounds. Whatever small _per- 
centage of light aromatic compounds that is found to be present in 
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the tar must be derived from reduction of these phenolic substances. 
This suggests the possibility of entirely reducing the tar acids to low- 
boiling oils for use as a motor fuel. This problem has been studied by 
Fischer (167) and by Fischer and Schroeder (168), who passed 
elementary hydrogen together with a mixture of phenols and hydro- 
carbons through a tube heated to 750°C. A great deal was found to 
depend upon the nature of the reaction tube, but they discovered 
that a tinned iron tube was suitable for commercial processing and 
avoided the excessive deposition of carbon which sometimes plugged 
the tube. The deposition of carbon was apparently accelerated by 
iron. However, if water gas was used as a source of hydrogen for 
hydrogenation, the tinned coating peeled away, as a result no doubt 
of the action of carbon monoxide in the gas. An iron reaction tube, 
coated internally with iron sulphide, was finally adopted by Fischer 
and Zerbe (169) to overcome this last difficulty. With the improved 
form of hydrogenating tube, little separation of carbon occurred and 
the phenols were reduced to benzene homologues. With cresols and 
xylenols, the conversion to motor fuel was up to 99 per cent and 72 
per cent, respectively, of the theoretical. 

Whether or not hydrogenation at high pressures and high tem- 
peratures, according to the Bergius process (170) (171) (172), is 
applicable to low temperature tar acids has not yet been demon- 
strated. According to Fischer (173), at the temperature of 400°C. 
employed in such circumstances, hydrogenation could be successful 
only at hydrogen pressures exceeding the dissociation pressure of 
hydrogen in the compounds to be produced. At lower temperatures 
of 200°C., the reaction velocity would be entirely too slow. The 
introduction of a catalyst to accelerate the reaction rate at lower 
temperatures necessitates excessive and expensive purification of the 
reaction gases to eliminate sulphur and avoid poisoning the catalyst. 
Fischer and Schroeder (174) obtained the conversion of the phenolic 
portion of primary tar into oils under pressure at 400°C. with nascent 
hydrogen, derived from sodium formate and from carbon monoxide 
and steam. 

Sabatier and Senderens (175) showed that naphthalene vapor, 
mixed with an excess of hydrogen, could be passed over finely divided 
nickel at 175°C. to produce decahydronaphthalene, with a boiling 
point of 187°C., and at 200°C. to form tetrahydronaphthalene, with a 
boiling point of 205°C. Fischer (176) (177) obtained the partial 
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liquefaction of naphthalene, to the extent of about 35 per cent, by 
treating it for about half an hour at 150 pounds per square inch 
pressure in the presence of aluminum chloride. From these ex- 
periments, it is apparent that naphthalene can be considered as a 
raw material for the manufacture of motor fuel. On account of the 
limited amount of naphthalene present in primary tar, however, 
it is doubtful if this process is important from the standpoint of low 
temperature carbonization, unless it be in the secondary treatment 
of cracked tar products. 


Pressure, Atmospheres 


Time, Hqurs 


Fig. 30. Reaction PRESSURE OF BERGINIZATION AND CRACKING AS A 
FuNcTION OF TIME 


For the most part, cracked motor fuel contains a high proportion of 
unsaturated compounds, which, according to present standards, are 
more or less undesirable, due principally to unpleasant odors and 
darkening of the distillate. The method of hydrogenation, de- 
veloped by Bergius (172), and commonly known as berginization, 
in which the distillate is cracked at the required temperature under a 
high pressure of elementary hydrogen, largely overcomes this diffi- 
culty and yields a distillate containing only a small percentage of 
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unsaturates. Fig. 30, after Kling (178), shows the pressure de- 
veloped in berginization and in cracking the same oil. It is obvious 
that, as the heating period is prolonged, the pressure of the cracked 
vapor becomes greater and greater. During berginization, however, 
there is a rapid increase of pressure during initial heating but, finally, 
when equilibrium has been reached, the pressure decreases at constant 
temperature, thereby indicating hydrogenation. Berginization ap- 
pears to require close pressure and temperature control, as indicated 
by the negative experiments of Waterman and Perquin (179), who 
were unable to effect hydrogenation of paraffin wax at 435°C. and 
initial pressures of 600 pounds per square inch and of Skinner and 
Graham (180), who were unable to secure hydrogen absorption by 
low temperature tar, obtained at 600°C. from Fifeshire cannel 
coal and redistilled at 450°C., when the tar was treated under 1560 
pounds per square inch hydrogen pressure at 411°C. for 4 hours. 
Bergius used initial pressures of as much as 1500 pounds per square 
inch, which rose in some cases to above 3000 pounds per square inch 
when the autoclave was heated to the required temperature. 

Motor Fuel. Motor fuel is obtained directly from two sources in 
low temperature carbonization, the tar and the gas, and it can be 
obtained from three subordinate sources by special processing, such 
as cracking of the heavy tar fraction, hydrogenation of the tar acids, 
and liquefaction of the gas by high pressures and low temperatures. 

The entire fraction up to 200°C., when freed of the tar acids, bases, 
and unsaturated material, may be used as an internal combustion 
engine fuel. This fraction consists mostly of higher paraffins, 
unsaturated hydrocarbons, and in some cases a small quantity of 
benzene and toluene. This cut may yield anywhere from one to 3 
gallons of refined motor spirit per net ton of coal. Davis and Parry 
(97), in their work on the low temperature carbonization of Penn- 
sylvania coals paid special attention to the yield of products valuable 
as motor fuel. Using the tar obtained from retorting Freeport coal 
at 550°C. in a stationary vertical retort, they examined the light oil 
fraction obtained from the tar and the possibility of cracking the - 
higher-boiling hydrocarbons. The fractionation of this tar is given 
in Table 70. 

The entire fraction, boiling under 175°C., was considered a crude 
light oil suitable as a motor fuel. It was found that 42 per cent of 
this cut consisted of unsaturated hydrocarbons and 17 per cent of tar 
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acids, which must be removed in refinement before the oil could be 
sold to the trade. This means that the crude yield of 2.80 gallons 
must be reduced 59 per cent to 1.15 gallons of refined motor spirit 
obtained from this fraction. 

The recovery of light oils in the gas is not a simple process. It can 
be accomplished by condensation, scrubbing, or adsorption. Fischer 
and Gluud (181) recovered the motor spirit from the low temperature 
gas in their experiments by scrubbing with paraffin oil and subsequent 


TABLE 70 
Fractional yields of oil from Pennsylvania low temperature tar 


raacmoxs Se | ee 
O2 tomo: Co Mightioib) nee ae — 0.853 8.5 2.80 
W259 to 225°Cmiddlevoil) ieee ee 0.962 16.0 5.26 
Z2D LOL. Oy CAMO AV YOM) san se sels eearee 0.998 19.5 6.44 
280° to 350°C. (anthracene oil)......... 1) :2 3.70 
TABLE 71 


Motor spirit yielded in scrubbing of low temperature gas 


HOURS OF SCRUBBING 
UNIT 


5.0 8.1 
Cubic feetigasiserubbeds: 3.05 esos). cca series 60.0 49.7 
Cubic feet gas scrubbed per hour.................. 12.0 6.12 
Cubic centimeters wash oil per hour............... 1608 1394 
Cubic centimeters wash oil per cubic foot gas...... 134 229 
Concentration of spirit in wash oil........ ....... 1.60% 1.04% 
Gallons crude motor spirit per gross ton..... . ... 1.85 2.02 
Gallons refined motor spirit per gross ton......... 1.67 1.74 
Specific gravity refined spirit 15°C............. 0.731 0.731 


rectification. They obtained a yield of 3.8 gallons to 2.0 gallons per 
net ton of coal carbonized, representing 1.23 per cent and 0.67 per 
cent of the coal, respectively. The Fuel Research Board (114) also 
carried out scrubbing experiments on the gas from low temperature 
carbonization in horizontal retorts, as shown in Table 71. They 
recovered 1.68 gallons of refined spirit per gross ton of coal. It hada 
specific gravity of 0.731 at 15°C. Dalton Main No. 2 coal, which 
gave 3,200 cubic feet of gas at the temperature of distillation, was 
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used in the work of the Fuel Research Board. The duration of 
scrubbing, as well as the rate of washing, was varied in order to 
determine the influence of these factors on the quantity of light 
oil recovered. 

The refining loss of motor spirit, obtained from low temperature 
gas, is less than that occurring in the light fraction of the tar. Scrub- 
- bing greatly reduces the percentage of hydrocarbons present in the 
gas and it has been pointed out, notably in Fig. 13 and elsewhere, that 
low temperature gas is in part characterized by a low proportion of 
unsaturated hydrocarbons. Consequently, it is anticipated that 
there should be a low refining loss in the light oils scrubbed from the 
gas. The rate of scrubbing with wash oil does not appear to have as 


TABLE 72 
Yield of light oils from low temperature investigations 


INVESTIGATOR ech alg sss§) om Pe cnx TEMPERATURE 
af OF per cent a OF 
Parr-and: Olim (37): csccssa. ses asieseae 750-800 Nie 210 
Davisvand: Parry. (OW) .0ccenem coon os 550 1525 175 
(eh C23 aynats ae hatha eee: 500 13.0 200 
TS CHE (SS RAM ck Bee oe aD ee pe 730 12.5 
Fuel Research Board (114)............ 600 11.2 170 
Davis and Berger (184).............+.. 600-650 6.8 175 
EWES UL ea Ra IGS. Ley ae coment 400-500 Sa 170 
Morgan and Soule (48)..............-. 7730 0.6 173 


great an effect on the amount of spirit recovered as the quantity of 
wash oil used per cubic foot of gas scrubbed. 

Engelhardt (182) investigated the recovery of light oil from il- 
luminating gas by activated charcoal, the condensed vapors being 
subsequently liberated by treatment with superheated steam. This 
same process was used by Davis and Parry (97) in the recovery of 
light oils from the gas evolved in the low temperature carbonization 
of Pennsylvania coals. They found that the efficiency of the charcoal 
was greatly reduced in the presence of hydrogen sulphide and water 
vapor. Thus, while up to 3 gallons of crude light oil per net ton of coal 
were recovered in ordinary distillation, only one gallon was obtained 
under steam distillation. By this method they recovered an average 
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of 2.75 gallons of crude motor spirit per net ton of coal from six different 
coals. This light oil had a specific gravity of 0.740 and represented 
0.838 per cent of the coal charged. It contained 23 per cent un- 
saturated hydrocarbons, so that the net yield of refined spirit was 
reduced to 2.23 gallons. A recent development, utilizing this same 
principle of adsorption, has been the introduction of silica gel in 
place of activated charcoal. 

Table 72 shows the yield of light oils reported by a number of 
different investigators in low temperature carbonization. All of 
these experiments were made in externally heated retorts, except 
those of Gluud (23) and a few runs by Parr and Olin (37), in which 
cases internal heating was used. Lewes (17) used a gas coal; Runge 
(183) used a by-product coal; Parr and Olin (37) used Illinois coal; 
Davis and Berger (184) used Freeport coal; Morgan and Soule 
(48) used Pittsburgh Terminal coal; Davis and Parry (97) used coal 
from the Freeport bed; and the Fuel Research Board (114) used 
Dalton Main No. 2. Attention must be called to the fact that the 
yields in Table 72 are crude light oil and large reductions occur in 
refining, as has been pointed out, so that the yield of refined motor 
spirit will be considerably less. It is interesting to note the wide 
variation in the yields reported and caution must be sounded that 
some observers report their tar yields before dehydration and their 
crude tar yields are swelled by the moisture content. The high 
yields of Parr and Olin, and also of Gluud, are due in part to the 
fact that they included higher boiling hydrocarbons in their light oil 
fraction. The figure given by Davis and Parry includes the light 
oil obtained from both the tar and the gas. 

The explosive range of low temperature motor spirit is over 20 
per cent greater than that of petrol, while a mixture of equal parts of 
motor spirit and petrol has an explosive range 30 per cent greater 
than petrol alone and 35 per cent greater than benzol, according to 
the Fuel Research Board (114). The explosive range, expressed as 
cubic centimeters of fuel per cubic foot of air at 15°C., was 2.7 to 6.7 
for benzol of 0.881 specific gravity; 2.5 to 7.3 for petrol of 0.723 
specific gravity; 2.3 to 9.5 for low temperature motor spirit of 0.731 
specific gravity; and 2.5 to 10.5 for a mixture of equal parts of petrol 
and motor spirit. 

The motor spirit obtained from low temperature distillation of coal 
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is miscible in all proportions with benzol and petrol for use as a fuel in 
internal combustion engines. With the growing use of alcohol in 
the field of motor fuels, something should be said concerning the 
miscibility of low temperature motor spirit. with alcohol. The 
amount of low temperature motor spirit held in solution by alcohol 
depends largely upon the strength of the latter, thus, at 10°C., the 
Fuel Research Board (114) found 95 per cent alcohol held as much as 
74.2 per cent motor spirit in solution, while 90 per cent alcohol held 
but 16.3 per cent and 85 per cent alcohol retained only 7.1 per cent. 
With a mixture of benzol and 95 per cent alcohol, in equal proportions, 
low temperature motor spirit is dissolved up to 60 per cent at 10°C. 
Even with refined spirit, there is a slight tendency for resinous matter 
to deposit on standing, thus darkening the fuel, but alcohol prevents 
deposit by dissolving the resins which separate. 

It has been pointed out that Davis and Parry (97) recovered 1.15 
gallons per net ton of refined motor spirit from the light oil fraction of 
low temperature tar which they obtained from Pennsylvania coal 
and 2.23 gallons per net ton of refined motor fuel from the low tem- 
perature gas, netting 3.38 gallons per net ton which were obtained 
directly without additional processing. It has also been pointed out 
that they obtained an additional 0.66 gallon per net ton by cracking 
the higher-boiling tar fractions. We have already seen that other 
Pennsylvania coals yielded 5.45 gallons per net ton of tar acids, 56.5 
per cent of which consisted of phenol, cresols, and xylenols, which 
can be converted to motor fuel by hydrogenation at an efficiency of 
72 per cent to 99 per cent of the theoretical maximum conversion, 
which ranges from 64 per cent to 87 per cent, depending on the initial 
and final products. On this basis, an additional 1.5 gallons to 2.5 
gallons per net ton of motor fuel could be obtained. By employing 
these additional means, there appears the possibility of increasing the 
total motor fuel yield to 5.5 gallons or 7.5 gallons, or even more, per 
net ton of coal. The desirability of associating hydrogenation with 
low temperature carbonization, to effect an increase of motor fuel by 
hydrogenating the tar acids, has been stressed by Gentry (185), but 
Egloff and Morrell (165) see no reason at all why the tar acids should 
be removed from the motor fuel, as demanded by present standards. 

Fuel Oil. Crude low temperature tar has a viscosity quite suitable 
for fuel oil, but according to Lander and McKay (186) its flash point 
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is far too low. On the other hand, if sufficient low volatile con- 
stituents are removed by distillation to increase its flash point, the 
crude tar becomes too viscous for use as a liquid fuel. However, 
the tar may be fractionated in such a way as to obtain a distillate 
which meets all the requirements of a fuel oil, both from the stand- 
points of flash point and of viscosity. Furthermore, there is no 
evident reason why the fuel oil, if too viscous, cannot be heated 
before firing to increase its fluidity. The immisibility of low tem- 
perature tar with other fuel oils has already been dealt with. 


CHAPTER IV 


Low TEMPERATURE COKE 


High and Low Temperature Coke. Agitation for a smokeless 
fuel, which would eradicate the civil nuisance of smoke, together 
with the shortage of oil in some countries of the world have been 
largely responsible for the development of low temperature carbon- 
ization. Added to this incentive was the shortage of hard coals 
during the Great War and the possibility of obtaining a substitute 
in the form of an easily burning coke. Although some small amount 
of information was in hand at that time, it was soon realized that 
insufficient data were available for undertaking large-scale operations 
in coking at low temperatures. Research was the obvious remedy 
and, in recent years, a great many investigations have been made 
in this field both in the United States and abroad. 

In high temperature coking, such as occurs in the metallurgical 
and gas industries, only a very small percentage of volatile matter 
remains in the coal after carbonization, so that from 64 per cent to 74 
per cent by weight of the charge is converted into coke. Low tem- 
perature distillation, on the other hand, does not remove entirely 
the volatile constituents from the coal and, therefore, the per- 
centage yield by weight of coke may be expected to be somewhat 
larger than in the case of gas and metallurgical cokes. Low tem- 
perature ovens yield about 66 per cent to 76 per cent of the charge 
as coke. The proximate and ultimate analyses of the three types of 
coke given in Table 73 furnish an excellent basis for comparison. 

The outstanding peculiarity of the low temperature carbonization 
residuum, from a chemical standpoint, is the large proportion of 
volatile matter remaining in the coke. To this fact must be attrib- 
uted many, though not all, of the desirable properties of this 
material as a fuel. As a consequence of the high volatile content, 
we find a somewhat greater thermal value in the coke which has 
been subjected to less extreme measures of carbonization. The 
volatile matter often exceeds 12 per cent. The semi-coke, or low 
temperature coke, whose analysis is given in Table 73, represents the 
average of that obtained from six full-scale retorts. The large 
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percentage of hydrogen recorded for the semi-coke, as compared with 
the cokes from other sources, is present in the form of volatile hydro- 
carbons. Low temperature coke is also characterized by the presence 
of considerable oxygen. The experimenters make no comment on 
this peculiarity in their reports, but doubtlessly it arises from the 
existence of volatile oxygenated hydrocarbons, such as the organic 
alcohols and possibly the aldehydes and ketones in small quantities. 
It might be pointed out, at this time, that the nitrogen content of 
low temperature coke is greater than that of the high temperature 
varieties. This fact will be taken up under the subject of ammonia 


TABLE 73 
Analyses of low and high temperature cokes 


LOW TEMPHERA- 


cok AL 
CONSTITUENT _ OVEN COKE GAS COKE TURE COKE 


per cent per cent per cent 


Proximate analysis: 


INEOISU UNO Sar. aenectonaete cerns se cise eres 3.0 ileal aan 
Volatile: matter.sicsc anes. crocs 0.5 1.9 7.6 
Mixed carbon tan 14s. .aucme sea seer 86.5 85.5 80.5 
TNs} pant Rie Sas tea nr gern er ries ae 10.1 11.6 10.6 
BiGAvADeL | DOUTG Serace aia enc on 12,180 12,375 12,480 
Ultimate analysis: per cent per cent per cent 
Gar borin te ceie, ciemaene ince aerate tee 86.4 85.6 77.9 
Ey drogentacnccns ca smo ose ea 0.4 2:2 
OX PON sarcasm ioe kitts 3 ae teers 0.5 0.4 4.9 
INGER OS Oi 1 co istecoc ten lexan eer eeate ee 0.7 1.2 125 
Sulphur lsat species ceneiiete aig ee raat 2.2 0.8 1.6 
UAL GY IN iete Ns Seeaiee once eid Sat one tert 8.9 ise 12.6 


and nitrogen recovery. How nearly the problem of anthracizing 
bituminous coal is solved by the low temperature process of car- 
bonization is demonstrated by comparing Table 1 and Table 2 
with Table 73. It will be seen that semi-coke has a proximate 
analysis almost identical with that of anthracite and that the ultimate 
analyses are not greatly at variance. 

Semi-Coke. In their experiments on the coking of Illinois coal, 
Parr and Olin (31) obtained a coke yield of 77.5 per cent for 3-hour 
periods of distillation and 72.5 per cent for 6-hour periods. This 
represents 1,550 pounds and 1,450 pounds of semi-coke per net ton of 
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coal, respectively. By recalling that at a given temperature of 
carbonization the volume of gas evolved is a function of the duration 
of distillation, as shown in Fig. 14, it will be seen that the decrease 
in coke yield, resulting from extension of the retorting period arises 
from the removal of more of the volatile matter. 

Pennsylvania coal, coked by Davis and Parry (97), produced an 
average of 72.2 per cent, or 1,444 pounds, of semi-coke per net ton 
of coal. Their yields ranged from 70.0 per cent to 74.8 per cent. 
On the other hand, Parr and Layng (101), from twelve experiments 
on Utah coals, similar in analysis to that of bituminous coal given in 
Table 1 and Table 2, obtained an average of 61.2 per cent, or 1,224 


TABLE 74 
Proximate analyses of low temperature cokes from United States coals 
ILLINOIS COAL oF gia tails tea UTAH COAL 
CONSTITUENT Temperature 
450°C, 550°C. 750°C, 
per cent per cent per cent 
Mime CCAR DON, © ccctr ete smriels Soates alive. 64.3 74.8 81.6 
Wolatile;matter:,....5.6. 60. cee cess $a Ns 25.9 9.0 9.1 
ANG) CS SA ct SCE Tes SR af oe ee 9.1 15.7 9.0 
MEOISEUTGR Aiton reitae tie Reis. diese vere ees 0.34 0.53 0.64 
Sul Diehieneray eters te Weta orerece tlio teats 1.66 1.86 0.34 
PeteUM POL POUn Gye scutes sacs costs. 13,350 12,800 12,780 


pounds of semi-coke per net ton of charge. For the average yield of 
semi-coke, however, this latter figure is exceedingly low. 

Table 74 gives the average proximate analyses of seni-cokes 
obtained from various bituminous coals of the United States While 
it is recognized that these tests are for different coals, certain 
deductions can be made with regard to the influence of temperature. 
It will be observed that the percentage of fixed carbon, for example, 
increases as the temperature of distillation advances. Such ¢ change 
is to be expected, since the higher the temperature, the lessvolatile 
matter remains in the residuum. Monett (100) also distilld Utah 
coals at 550°C. His yields of coke ranged from 1,464 poinds to 
1,250 pounds per net ton, representing from 73.2 per cent of tle charge 
to 62.5 per cent. The semi-coke had a thermal value rangng from 
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13,516 B.t.u. to 12,227 B.t.u. per pound and it contained from 0.86 
per cent to 1.93 per cent moisture; 19.84 per cent to 10.46 per cent 
volatile matter; 81.67 per cent to 64.35 per cent fixed carbon; 14.81 
per cent to 5.94 per cent ash; and 0.40 per cent to 1.09 per cent 
sulphur. Analyses of these Utah coals have been given in Table 15 
and Table 16, while the composition of the low temperature gas 
obtained from them was discussed under the subject of American 
coals in Chapter II. 

Table 75 shows the temperature variation of the constituents of 
Farmville, N. C., coal which originally contained 37.08 per cent 
volatile matter, 52.95 per cent fixed carbon, 9.03 per cent ash, and 
which had a heating value of 14,336 B.t.u. per pound, as determined 


TABLE 75 
Temperature variation of low temperature coke analysis for North 
Carolina coal 


TEMPERATURE COKE VOLATILE | prxgD CARBON Nan B.T.U. 


MATTER PER POUND 
Gk per cent per cent ‘per cent per cent 
200 89.67 26.82 63.71 9.25 14,280 
300 74.33 8.95 81.70 9.31 14,210 
360 72.68 3.40 86.77 9.80 14,1385 
420 69.70 2.53 87.39 10.05 14,096 
480 68.50 1.61 88.07 10.29 14,058 
540 66.00 0.93 89.03 10.02 14,045 
600 66.00 0.37 89.14 10.49 14,032 
660 65.50 0.12 89.11 10.77 14,000 


by Giles and Vilbrandt (99). We have seen already in Fig. 12 the 
manner in which temperature influences the composition of gas 
evolved ‘rom this coal and in Table 58 its influence on the volatility 
of the low temperature tar. It must be said that this particular 
coal is a exception and the percentage volatile remaining in the 
coke at ¢ given temperature is of the order of that to be found in an 
average semi-coke at approximately 200°C. higher temperature. 
There isa decided change at 540°C., accompanied by a voluminous 
evolution of gas. Below that temperature, the change in the coke 
structureis uniform but slight, while above 540°C. to as far as 660°C, 
there is Ittle apparent change in the residuum. The heating value 
of the ccke is high. It has been pointed out before that Farmville, 
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N.C., coal decomposes very easily, so that only 8.95 per cent volatile 
matter is left at 300°C. Above 540°C., where the major decom- 
position occurs, less than one per cent volatile matter remains in the 


coke. 
TABLE 76 
Temperature variation of char analysis from Washington lignite 
TEMPERATURE CHAR VOLATILE MATTER ASH B.T.U. PER POUND 
°C. per cent per cent per cent 
150 90.2 38.0 14.3 11,800 
200 85.1 31.8 15.1 12,210 , 
250 74.1 200 17.5 12,500 
300 70.6 22.5 18.2 12,690 
350 67.2 19.4 19.3 12,790 
400 66.1 16.2 19.5 12,870 
¥ 450 65.3 13.1 19.9 12,930 
500 64.2 9.9 20.1 12,980 
550 63.1 6.8 20.4 13,020 
600 62.1 4.1 207, 13,040 
TABLE 77 


Analyses of peat char from Fuel Research Board vertical retoris 


CONSTITUENT 


Proximate analysis: 
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per cent per cent 
3.37 

3.13 9.96 
78.87 ° 82.69 
8.60 _ 9.98 
11,380 12,210 
per cent . per cent 
9.49 10.38 
85.78 84.81 
0.52 / 0.39 
0.60 i 0.61 
0.42 0.53 
3.19 3.33 


volatility of the tar from Washington lignite have already been 
discussed. Benson and Canfield (108) also determined in Table 76 
the effect of temperature variation on the proximate analysis of the 
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char. Originally the air-dried lignite contained 39.4 per cent 
volatile matter, which was reduced to 4.1 per cent at 600°C. The 
percentage ash varies inversely as the percentage of volatile matter 
remaining within the residuum. Up to 500°C., the lignite char was 
dull black and it more or less retained its original form. From 
500°C. to 600°C. the lumps had a metallic luster and swelled slightly 
larger than the initial size. 

It has been pointed out before, that the Fuel Pecean Board 
(106) carbonized peat in vertical retorts, obtaining gas of the com- 
position shown in Table 27 and tar of the character given in Table 60. 
Both proximate and ultimate analyses of the peat char, obtained 
from these experiments, are given in Table 77. The principal point 
to be noted in the carbonization of peat is the increase in calorific 


TABLE 78 
Proximate analyses of low temperature cokes from full-scale processes 


FIXED VOLATILE 


PROCESS CARBON MATTER MOISTURE ASH 
per cent per cent per cent per cent 

Fuel Research Board (114) ........... 79.3 8.4 0.5 11.9 
CoahitenS ama Ioweien cur eaerts 83.6 10.0 . 6.4 
Maclaurim(C188) es ae oe eneinee 86.7 4.8 8.5 
@arbocoal: (ISO) iiaeras acne on oes 85.6 2.8 1.8 9.8 
Nielsen. (Ol) 0 escen conden etn cde. 70.7 11.5 1.9 15.9 
ET OZETA OO) seperti a acacia ees 75.5 10.3 12.3 


value by removal of the large amount of moisture present. North 
and Garbe (121) report a test on carbonizing Shetland peat at 500°C. 
in Tozer retorts. The raw peat contained initially 21.4 per cent 
moisture and 73.8 per cent volatile matter, yielding on distillation - 
char to the extent of 33.6 per cent of the original charge and con- 
taining 18.6 per cent volatile matter, 71.4 per cent fixed carbon, and 
9.9 per cent ash. 

In Table 78 are given the analyses of six cokes from full-scale low 
temperature processes. The experiments of the Fuel Research 
Board (114) were carried out in their horizonal retorts, while those on 
Coalite (187) were in that company’s vertical retorts. Coke from 
the Maclaurin (188) retort was carbonized by internal heating 
through the agency of the sensible heat of producer gas. Carbocoal 
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(189) was produced through primary distillation, briquetting, and 
subsequent secondary carbonization in an inclined retort. The 
semi-coke from the Nielsen (91) process was produced by carbonizing 
the coal in a rotary retort by means of the sensible heat from pro- 
ducer gas. The Tozer (190) process utilized a static cast-iron vertical 
retort. 

Porosity. A great deal of the ease in combustibility of semi-coke 
depends on its high volatile content, but the coke structure also has 
a great influence. One of the main factors, from a physical view- 
point, is the area available for oxidation. Some of the desirable 
features, however, of low temperature coke can be attained only by 
allowing a certain proportion of the volatile matter to remain, 
notable among these is a low ignition temperature. 

When coal is coked, it first reaches a fusion temperature and 


TABLE 79 
Variation of porosity of coke with the temperature of carbonization 


SPECIFIC 


COKE TEMPERATURE GRAVITY POROSITY 
°C per cent 
How temperature. 1 3)., /acesis aoe. vel 550 1.59 44.7 
Cras WOLKS states com awlats atyaicteraas ous sree 850 1.87 52.5 
GROOMED «anus cthieis, esudhoutye. sais Sloilesei Bris 1,100 1.87 48.0 


becomes plastic. Then, as the temperature is raised, gases are 
evolved and form bubbles throughout the mass until it becomes a 
foam. These bubbles then break, allowing the gases to escape. 
Rigidity finally sets in upon cooling and leaves the cellular structure 
of the coke. If the plastic material is not confined by walls, the 
bubbles swell the mass and cause it to become light and porous. 
But the pressure developed against retaining walls compresses the 
material to form a dense coke. Upon consideration of combustibility, 
it would appear, that the more numerous and, hence, the smaller the 
pores, the greater is the area exposed for oxidation, and, therefore, 
the more easily the coke should burn. A point is reached, however, 
where the outside surface of the lump exposed to oxidation is so 
reduced by the pores as to neutralize the result. Consequently a 
point of apparent porosity is reached where there is maximum com- 
bustibility. We shall see later that combustibility depends more on 
the microscopic cells of the coke than on the large pores. 
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Table 79 shows that different temperatures of carbonization 
produce coke of different porosities. The determinations were made 
by Cobb and Greenwood (191), who used a coal with 1.27 initial 
specific gravity. From this table, it is evident that low temperature 
coke is less porous than either gasworks or coke oven coke. We shall 
see later that, nevertheless, semi-coke is far more reactive and 
combustible than either of the others for several reasons, but pri- 
marily because of a microscopic cellular structure. 

Coherency. Coherency depends upon the presence of sufficient 
resinous bodies to act as binding material. In their absence, various 
methods have been resorted to in order to secure a coherent carboniza- 
tion residuum. One method of frequent use, is the blending of 
coking and non-coking coals, so that the resins present in the former 
will serve to bind the entire mass.. Non-coking bituminous coals 
give a coke which is very friable and unsuitable for transportation, 
while coking coals cause trouble in the design of low temperature 
retorts. A blended charge yields a residuum upon distillation that 
is sufficiently strong, from the mechanical standpoint, and free, in 
a large part, of the retort design annoyances. It occasionally 
happens that a good coke is obtained without blending, solely by 
using the product of the seam as a whole, but as this situation is not 
of common occurrence, efforts have been made to provide means for 
coking the non-coking coals, without resort to blending, in order to 
save transportation charges. 

No indication whatever of a coal’s coking qualities can be deter-_ 
mined from its proximate analysis, for it depends entirely on the 
proportion of resinous material present. There are two types of 
coals, the swelling and the non-swelling, depending on whether or 
not the volume of the resultant coke is greater than or equal to the 
initial volume for the coal. The coke residuum of non-swelling 
coals is usually non-coherent and friable, while the swelling coals 
form a good coke upon carbonization. For this reason, these two 
classes of coals are often classed as non-coking and coking. 

If the resins are in excess, other difficulties arise in the possibility 
of foaming, and, here again, a number of remedies have been proposed. 
Cruickshanks in 1841 is said to have been the first to propose the 
blending of coking and non-coking coals, so that the resinous de- 
ficiencies of the one can be balanced against the excesses of the other. 
This method is successful, but suffers the economic disadvantage of 
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transportation. To avoid this objection, Roberts (192) suggested 
that coke breeze be blended with the retort charge. This proposal, 
however, reduces the quantity of virgin coal that is carbonized and, 
hence, the output of the plant. 

Parr and Olin (31) found that the texture of the coke could be 
altered by means of exerting pressure during carbonization. When 
pistons were used for this purpose, however, the outer layers of the 
charge, which had undergone fusion, hardened and formed a shell 
surrounding the inner mass, which latter became excessively porous 
due to the inability of the gases to escape. Efforts to overcome this 
by use of additional pressure resulted in fracture of the hardened 
shell and the coke was withdrawn from the retort in small broken 
pieces. They then resorted to ramming the charge into the retort 
and applying the pressure entirely before carbonization with de- 
cidedly more success. The semi-coke thus produced had a very good 
crushing strength and fine texture. 

Taylor and Porter (96) found that bituminous coal, which gave a 
friable coke at atmospheric pressures, even when slowly heated, 
gave a dense coke when carbonized in vacuo at a pressure of about 
3 cm. of mercury. This is probably due to the fact that the gases 
evolved are sucked away before large bubbles can form in the fused 
mass. 

Swelling. When coals contain a large proportion of resinous 
bodies, swelling occurs during coking. When first heated, these 
coals slightly contract. This probably results from the melting of 
certain constituents between 350°C. and 450°C. A secondary 
contraction usually develops later at much higher temperatures, 
during coking proper. This is attributed to the liberation of gaseous 
products. Between the two contraction periods, the coke expands 
as the result of entrapped bubbles of gas in the plastic mass. Expan- 
sion is rather slow at first until the center of the charge reaches a 
given temperature, at which point expansion increases enormously. 
This swelling is usually greater than the initial contraction and 
develops a pressure which is liable to injure the retort or, at least, 
to render discharge difficult. A great many of the past failures 
encountered in low temperature retorts may be hed Mae directly 
or indirectly to this phenomenon. 

Audibert and Delmas (193) studied the intumescence of coal under 
various conditions of time, temperature, and rate of heating. Their 
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method of determination was to place the finely ground coal in a 
heated metal cylinder, equipped with a counterpoised piston to 
transmit expansion and contraction of the charge to an indicating 
pointer. Fig. 31 shows the swelling of Loire coal, as a function of 
the time of heating, for various constant temperatures. This is a 
most interesting diagram. It discloses that at such low temperatures 
as 390°C. there is no swelling of the charge at all, but an actual 
shrinkage amounting to about 11 per cent. At 400°C., there is an 
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Fia. 31. SweLuine rn Lorre Coat as A Function oF TIME AND OF 
TEMPERATURE 


initial contraction during fusion, amounting to as much as 20 per 
cent, at the end of 35 minutes heating, after which the coal expands 
and finally, after 75 minutes heating, reaches a steady volume about 
6 per cent greater than its initial condition. As the temperature 
advances, the initial contraction, which always takes place at fusion, 
reaches a maximum at some temperature which is characteristic of 
the given coal. It then decreases gradually until at 450°C., in the 
case of Loire coal, the initial contraction amounts to only about 6 
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per cent at the end of approximately 10 minutes, after which the 
coal rapidly swells to an increase of 75 per cent over its original 
volume in 25 minutes, thereafter continuing to swell at a very slow 
rate. In this particular coal the swelling amounted to 95 per cent 
at the end of 150 minutes. 

Fig. 32 shows for Béthune coal the variations of swelling, as a 
function of the temperature, for several different rates of heating. 
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Fia. 32. Swe,Line 1n BatTHuNE Coat AS A FUNCTION OF TEMPERATURE AND OF 
Rate oF HEATING 


It is interesting to note how rapidly the swelling increases with the 
rate of heating when the same final temperatures are attained. 
This family of curves has a common characteristic, in that there is 
an initial period of contraction during fusion amounting to as much 
as 20 per cent of the original volume at 400°C. to 425°C., following 
which there is a rapid expansion at 425°C. to 450°C. which ceases 
rather abruptly and leaves the charge at constant volume. The 
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final swelling of Béthune coal amounts to about 47 per cent at 
440°C., when heated at 0.5°C. per minute; 95 per cent at 440°C., 
when heated at 1°C. per minute; 150 per cent at 475°C., when 
heated at 2°C. per minute; and about 225 per cent at 475°C., when 
heated at the rate of 3°C. per minute. Audibert and Delmas (193) 
concluded that for each coal there existed a rate of heating below 
which intumescence is not observed, whatever the final temperature 
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Fig. 33. Comparison OF Loss IN WEIGHT AND OF SWELLING IN DurHAM COAL 
AS A FUNCTION OF TEMPERATURE 


reached may be. However, the rate of heating may be so low as to 
render it impractical in practice to use this means of avoiding exces- 
sive swelling. Swelling is observed only at rates of heating in which 
fusion of the coal particles is complete, 7.e., when the coal becomes 
fused into a homogeneous mass, and intumescence never occurs 
when the rate of heating is so low that the charge retains the hetero- 
geneous structure of coal particles in juxtaposition. __ 

Fig. 33 shows the loss of weight of the charge, due to evolution of 
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volatile matter at various temperatures for a Durham coal, together 
with the intumescence at the same temperature. It is quite apparent 
that swelling, at the same rate of heating, always occurs at a higher 
temperature than that of initial softening and initial evolution of 
volatile matter. The presence of microscopic cavities in the charge 
after heating led Audibert and Delmas (193) to conclude that 
swelling was only an apparent change and one which arose, not 
through changes in the condition of the solid material, but through 
the imprisonment of bubbles of volatile matter trapped within the 
plastic mass during thermal decomposition. 

Preheating and Oxidation. Some coals, which in their natural 
state will not coke, can be made to do so by special thermal treatment 


TABLE 80 
Effect of preliminary heat treatment on low temperature coke 


PRIMARY DISTILLATION AT 450°C. SECONDARY DISTILLATION AT 700°C. 
Time Volatile matter in coal Crushing resistance of coke 
min. per cent 

0 28.1 Spongy and friable 
30 23.5 Spongy and friable 
60 22.2 Spongy and friable 
90 21.4 Spongy and friable 
105 20.0 560 pounds per square inch 
120 18.1 1,325 pounds per square inch 
150 16.6 342 pounds per square inch 
165 14.8 Powdery 


to remove some of their volatile matter, according to Charpy and 
Godchot (194). That is, by subjecting the coal to preliminary 
distillation at 450°C. and by subsequent carbonization at 700°C., 
it can be made to coke. These experiments were made on Durham 
coal, which would not coke in its natural state under ordinary 
conditions. From Table 80, it is seen that a good coke was obtained 
after 2 hours of preliminary carbonization at 450°C. when the 
volatile matter of the coke had been reduced to 18 per cent. Primary 
distillation, as a means of inducing coking, has also been studied by 
Illingworth (195), whose results confirm what has already been said. 

Audibert and Delmas (193) investigated the effect of preheating 
and partial oxidation on intumescence in coal during carbonization. 
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Fig. 34 shows the swelling of Varennes coal, as a function of the 
temperature, for various periods of preheating im vacuo at 350°C., 
and when finally heated to the required temperature at the rate of 
1°C. per minute. This temperature of preheating is within 15°C. 
of the softening temperature of this coal at the particular rate of 
heating used. In every case, no matter how long the preheating, 
the initial contraction of the charge during fusion apparently remains. 
Varennes coal, when untreated, swelled about 65 per cent at 465°C., 
but when heated for 4 hours in vacuo the swelling property of the 
coal was entirely destroyed and the residuum at 525°C. had practically 
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Fia. 34. SwELLING IN VARENNES Coat AS A FUNCTION OF TEMPERATURE AND 
OF OXIDATION 


the same volume as the initial coal. When preheating was prolonged 
to 4.5 hours, there was a resultant contraction of about 22 per 
cent at the final temperature. The influence of preheating is at- 
tributed to the fact that, even at temperatures below the fusion 
point, carbonization reactions must have an appreciable velocity 
and that such chemical changes as occur within the coal, upon pre- 
heating under the above conditions, are not usually accompanied by 
loss in weight to any extent. 

Destruction of a portion of the excess resin by oxidation is another 
means which may be employed to effect coking in certain coals. 
Bone (195) showed that the resins could be completely destroyed by 
prolonged oxygenation, even at as low a temperature as 108°C. 
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Roberts (196) found that by heating a non-coking coal for a very 
long time at this temperature it could be made to coke. Here itis 
not clear whether the effect is one of oxidation or evolution of the 
undesirable constituents. At any rate, this method does not promise 
great commercial favor, because of the length of time required in the 
operation, unless carried out at higher temperatures. 

Fig. 35 shows the swelling, according to Audibert and Delmas 
(193), in Varennes coal, as a function of the temperature, for 
various periods of oxidation. The oxidation was carried out at 
120°C. in air and subsequently heated to the required temperature 
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Fig. 35. SWELLING IN VARENNES COAL AS A FUNCTION OF TEMPERATURE AND 
OF PREHEATING 


at the rate of 1°C. per minute. Preoxidation, even for short periods, 
exerts a considerable effect. The swelling at 500°C. is reduced from 
about 65 per cent in the unoxidized coal to 50 per cent after 10 
minutes oxidation, and to about 10 per cent after 40 minutes oxida- 
tion. Oxidation for 4 hours causes a contraction to the extent of 
about 38 per cent, while 5 hours oxidation entirely destroys the fusing 
property of the coal. The influence of oxidation on the intumescence 
of coal is attributed to the fact that oxygen fixation transforms some 
of the coal constituents into more refractory substances, 

Parr (87) separated the lignitic and bituminic portions of the coal 
by extracting the latter with xylene and then heated both the fresh 
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and oxidized materials at various temperatures to determine the 
volume and character of the gas yielded. In Fig. 36 is shown the 
volume of carbon dioxide evolved from both the fresh and the oxidized 
lignitic residuum, when heated at various temperatures up to 350°C. 
The same data for the bituminic extract are given in Fig. 37. Table 
81 gives the composition of all four gases collected up to 300°C. A 
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Fig. 86. EVOLUTION oF CARBON Di0xIDE FROM ILLINOIS Coat LignrTIC 
Resipuum Aas A FuncrTion or TEMPERATURE 


study of this table, in connection with the two preceding diagrams, 
shows the striking difference between the behavior of the fresh and 
the oxidized lignitic material, as compared with the fresh and oxidized 
bituminic material, when all are heated to the same temperature. 
Up to 350°C., little carbon dioxide is ordinarily evolved from the 
fresh lignitic residuum, but this amount is increased over six fold when 


LOW TEMPERATURE COKE 145 


the material has been oxidized. On the other hand, oxidation has 
very little effect on the quantity of carbon dioxide evolved from the 
bituminic extract up to 350°C. The gas analyses show a reduction in 
hydrogen content after oxidation of the material in both eases, but a 
much greater reduction in the case of the lignitic residuum than in the 
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Fig. 37. EvoLutTion oF CARBON Di0xIDE FROM InuINoIs Coat BITUMINIC 
Extract as A FUNCTION OF TEMPERATURE 


sample of bituminic extract. The same observation applies also to 
methane. It is quite evident from these experiments that the reduc- 
tion of coking power by oxidation can be attributed primarily to 
changes in the constitution of the lignitic material of the coal. 
Coke Reactivity. A number of different experimenters have sought 
to devise a means for measuring the reactivity of coke, thus Koppers 
(197) (198) sought to measure its reactivity by the rate at which a 
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particular coke reduced carbon dioxide to the monoxide; Bunte (199) 
(200) assumed coke reactivity to be proportional to the temperature 
at which it begins to react with oxygen; Fischer, Breuer, and Broche, 
(201) considered the reactivity to be inversely proportional to the 
temperature at which the coke begins to reduce dioxide to the 
monoxide of carbon; while Bahr (202) determined the reactivity of 
coke by measuring both the kindling point of the coke and tem- 
perature of reduction in an atmosphere of carbon dioxide. Bahr 
(202) observed that the kindling temperature of carbonaceous 
materials ranged from 230°C., with low temperature coke, to 410°C., 
with electrode carbon; that the reaction temperature varied from 
480°C., with charcoal, to 820°C., with graphite; and that the re- 


TABLE:81 


Effect of oxidation on composition of gas from lignitic and bituminic 
constituents of coal 


LIGNITIC RESIDUUM BITUMINIC EXTRACT 
ANALYSIS gal Mala A a epee Se 
Fresh Oxidized Fresh Oxidized 


per cent per cent per cent per cent 

Carbon: dloxtde muti asc: neice aerate ae 63.0 87.6 79.2 75.8 
Carbon mmonoxidess ia aiic enters vile tes 19.9 11.8 5.1 ee 
Hydrogen inoncle sues ware eii co Wapaeetce 4.3 0.2 8.3 7.2 
Methane iia g ee ete A Lea 5.4 O22 4.9 2.1 
Ethylenesenctavinccars res cena Pag k 0.0 2.1 0.0 
Oy BOM eit Cae ase versie aire se 3.1 0.2 

Uihuminants! eric se Ruy yea ce ene 200 0.1 0.5 1.8 


activity ranged from 99 per cent, for charcoal, to 4.4 per cent, with 
graphite. The addition of 3 per cent iron oxide was found to increase 
the reactivity of 950°C. coke from 17.5 per cent to 58.4 per cent, at 
the same time affecting neither the kindling temperature nor the 
reaction temperature to any extent. 

Davis and Greene (203) investigated the reactivity of pulverized 
cokes in air, carbon dioxide, and water vapor at 950°C. Table 82 
gives analyses of the cokes which were tested, together with the 
experimental determinations. The low temperature coke was made 
by heating coal for 30 minutes at 750°C. with superheated steam. 
The beehive coke was dense, and hard in structure, whereas the low 
temperature coke was soft and porous. Before submitting the coke 
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samples to test, the specimens were crushed and sized to pass a 10 
mesh and to remain on a 20 mesh sieve. In Table 82 the coke 
reactivity in air is expressed as the percentage of the theoretical 
maximum amount of carbon gasified, the reactivity in carbon dioxide 
is reported as the percentage of carbon dioxide reduced to the monox- 
ide, and the reactivity in steam is given as the sum of the percentages 
of hydrogen and carbon monoxide. The kindling temperature was 


TABLE 82 
Reactivity of coke in various atmospheres 


LOW TEM- GASWORKS COKE 
CONSTITUENT PERATURE |—————| BR HIVE 
cOoKS Rochester | Buffalo 
per cent per cent per cent per cent 
Proximate analysis: 
INI GISTUTGeagcterarertonae eee ica eee ats 2.8 1.3 One 0.7 
Molatilema tiers. occ.) cacsscotie a cease 10.6 2.5 1.6 INE 
AXE CEREMONY Pre. cae nce are 75.4 86.3 86.1 86.7 
PAGIAaE te cist es. Mavs Sis wai iso Mey os iouiee 11.2 9.9 11.6 10.9 
ates WOE PD OUNCm svsanae tear eee 12,000 | 12,770 | 12,530 | 12,620 
Ultimate analysis: per cent | per cent | per cent | per cent 
EDV AROSE ni cnete ro aniorecte insistence es 2.7 ical 0.6 0.7 
CAEDOMe ERs Heron irc ae ere Oe 77.4 85.4 84.4 85.0 
INDER OREM AS Mere acuta. ee eae iD sel 1.4 1.1 1.0 
ORV Pe lie sitatas screener Mune atm 6.4 1.5 Lez 1.4 
SMD aerate cocaine Skool Aeee ie 0.6 0.7 0.6 Ht 
NSS xe ceteey a lcwenae skeen ba caeawinece cana ARO 11.2 9.9 11.6 10.9 
Reactivity per cent | per cent | per cent | per cent 
PALUBR Ober Warn eyes GG Scenics a are oes vee 72.4 65.4 62.8 63.3 
Carbonidloxide seade ccs. vec eee: 62.5 6.0 Sko 4.8 
\IANEEDYIVES 1) O70) ater Anne ne ee a 29.0 13.9 10.2 11.8 
Kindling temperature............... 130°C. | 290°C. |320°C. | 300°C. 


taken as that at which carbon dioxide was first formed. The results 
indicate that the kindling temperature of low temperature coke is 
less than half of that of the other cokes, that the reactivity of low 
temperature coke is 11 per cent to 14 per cent greater than the other 
cokes in an atmosphere of air, nearly 950 per cent greater in carbon 
dioxide, and finally 110 per cent to 190 per cent greater in water vapor. 

Coke Combustibility. Coke may burn either from the external 
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surface or externally and partially internally, depending upon its 
structure. Semi-coke, obtained from horizontal retorts at 600°C., 
burns on the surface and for some distance into the interior and makes 
a very attractive fire. On the other hand, low temperature coke 
made by fusion, briquetting, and secondary carbonization burns 
mainly at the surface and deposits thereon a fine ash, which must be 
brushed away frequently to maintain a nice looking fire. These are 
factors to be considered when semi-coke is used as a domestic fuel. 
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Fig. 38. PROPORTION OF OXYGEN AND CARBON DIOXIDE IN COMBUSTION 
GaSEs FoR Various FUELS 


Kreisinger, Ovitz, and Augustine (204) investigated the combus- 
tibility of various fuels in hand-fired furnaces, when burned at ap- 
proximately 25 pounds per square foot per hour, by determining the 
mean percentages of carbon monoxide and of free oxygen for various 
distances above the grate. Some of their results are shown in 
Fig. 38, from which it is apparent that metallurgical coke is the least 
combustible and lignite char the most combustible of the fuels studied. 
Low temperature coke strongly resembles lignite char, from which we 
may conclude that its combustibility in furnaces will greatly exceed 
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that of bituminous coal and in no way resemble the behavior of 
ordinary cokes. 

Thau (205) has pointed out the common error of assuming that 
combustibility increases with porosity, having in mind principally 
those pores which are visible to the naked eye and not those of micro- 
scopic character, which have been shown elsewhere to contribute 
greatly to combustibility. Combustibility depends on two char- 
acteristics of the coke, structure and volatile matter. While in 
ordinary coking practice it is true, within limits, that the denser coke 
is the more combustible, at the same time, when judging the reactivity 
of a coke on this property, its purity must also be considered. The 
ash content of the coke plays a much greater part in reducing com- 
bustibility than is ordinarily believed. It is quite impossible to 
judge a coke by its structural density without a knowledge of its 
chemical composition. It is common experience that often a spongy 
coke is less combustible, despite its apparent porosity, than a more 
consolidated sample; the reason for this peculiar situation being that 
combustion is a surface phenomenon and it is the reactivity of the 
multitude of microscopic cells that is of importance rather than the 
large pores. 

Thau (205) also points out that the general belief that silvery 
appearance of coke, caused by a graphitic deposit, is wholly a de- 
sirable condition is erroneous. While the graphitic deposit adds 
greater strength to the coke, when used for some purposes where it 
has to sustain a great burden, at the same time the vitreous carbon 
coating is less reactive than the carbon layers beneath and it tends to 
reduce combustibility in two ways, first, by its own inactivity, and 
second, because it plugs the highly reactive surface cells. Thau 
(205) is quite convinced that the combustibility of low temperature 
coke is due wholly to its cell structure, which is maintained by the 
presence of a small amount of volatile, which volatile is driven off as 
combustion proceeds to leave additional minute cells which are free 
from vitreous carbon and are highly reactive. The volatile matter 
present in low temperature coke serves principally to reduce the coke’s 
ignition temperature. 

On account of its high combustibility, should it be possible to 
strengthen low temperature coke in some manner, so that it could 
withstand the burden in metallurgical operations, it would be of great 
industrial importance. A number of attempts have been made to 
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do this, with more or less indifferent success, by applying pressure 
to the charge either during or after carbonization. 

Coke Strength. The strength required of a coke varies greatly 
with the purpose for which it is produced. For use in blast furnaces 
and cupolas, where the weight of the burden which it must sustain is 
tremendous, a high crushing strength is necessary. The strength 
of a coke depends upon its structure and a strong structure usually 
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requires high temperatures with the resultant deposition of graphitic 
carbon. Thus, despite the greater reactivity of low temperature 
coke, the superior strength of the high temperature product gives the 
latter favor in metallurgical processes. 

A variety of different schemes have been tried to increase the 
strength of semi-coke, all of which are variations or combinations of 
three methods, application of pressure, blending of the charge, and 
temperature regulation. In the use of pressure to this end, recourse 
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has been made to its application during carbonization by mechanical 
means or by weight of the supernatant charge, and to briquetting 
before, after, or between stages of carbonization. Some little success 
has been attained by blending different coals to reduce foaming in the 
fusing stage, but a more fruitful effort has been made in blending a 
certain amount of coke breeze with the raw coal. Record has been 
made of a case where the crushing load on a piece of coke, less than 
one square inch in cross-section, was increased from 250 pounds, 
when 20 per cent coke breeze was mixed with the charge, to 425 


Fig. 40. YrrLD AND ANALYSIS OF SEMI-COKE UNDER STEAM DISTILLATION AS A 
FUNCTION OF TEMPERATURE 


pounds, when 35 per cent coke breeze was blended. The addition 
of breeze, however, is open to the objection that it reduces the daily 
throughput of raw coal. 

Audibert and Delmas (193) determined the influence of rate of 
heating on the crushing strength of coke produced from a number of 
different coals, the data regarding two of them being reproduced in 
Fig. 39. These cokes were made at 900°C. Experiments by Audi- 
bert and Delmas (193) indicated that all coals examined by them 
attained a maximum strength at a given rate of heating, rising rapidly 
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to this maximum as the rate of heating increases and declining slowly 
from the maximum as the rate of heating is further increased. 
Temperature Effect. Davis and Parry (97) found that the in- 
troduction of steam during carbonization at 550°C. has no appreciable 
influence on the coke yield. They obtained 70.7 per cent of the coal 
as coke when it was dry distilled and 70.8 per cent when large quanti- 
ties of steam were admitted. Variation of temperature, however, 
under steam distillation does have considerable influence on the 
amount of coke obtained. Fig. 40 shows the coke yield obtained 
from steam carbonization at various temperatures, together with 
the proximate analyses of the cokes produced from Pennsylvania 
coal of the Freeport bed. The ultimate analyses and calorific value 


TABLE 83 
Ultimate analyses of low temperature steam cokes 


TEMPHRATURE 
CONSTITUENT 


475°C, 550°C. 650°C. 

per cent per cent per cent 
Car bonitercn «dca reactor gate nines 81.4 83.9 83.9 
Oxyrens saan ines cece oie ee 4.7 3.7 3.7 
FLV OTOGEN I. ieee Pee eo ER eee 3.8 2.7 2.5 
INGE ORE Tosi Sc bine cess eae ee 2.0 Pag 2.0 
Subp lure ees ae Cee eines 1.0 ibeik 1.0 


Bet unpet pOumdi nce teenie er 13,900 13,820 13,610 


of this low temperature coke, carbonized at three different tem- 
peratures, are given in Table 83. The yield of coke gradually de- 
creases with rise of temperature for two reasons. In the first place, a 
greater percentage of the volatile constituents is removed, which 
reduces the weight of the yield. This is confirmed by the decrease 
in the proportion of volatile matter remaining in the coke. In the 
second place, it has been pointed out that steam reacts with the coal 
to form the dioxide of carbon at approximately 550°C. Conse- 
quently, the yield of coke would be decreased by the percentage of 
carbon dioxide generated. That this is a factor in reducing the 
amount of coke obtained is verified by the fact that the percentage 
fixed carbon in the coke attains a maximum at about 550°C., after 
which it decreases on account of gasification. 
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From Table 83, temperature is seen to have no great effect on the 
ultimate analysis of the coke, other than its influence on the per- 
centage of carbon. The reduction in oxygen and hydrogen content 
is due to removal of the phenolic derivatives and volatile hydrocar- 
bons. The coke produced under steam distillation at 475°C. was 
black and spongy. Considerable swelling had occurred and the 
residuum was filled with blowholes. The carbonized product from 
distillation at 550°C. was of much denser structure. The layer next 
to the retort wall was rather porous, but of a grayish color, indicating 
more complete carbonization. The action of the steam was evidently 
responsible for the external porosity. The coke obtained at 650°C. 
was practically the same as that produced at 550°C., except that it 
was slightly lighter in color. 


TABLE 84 
Percentage of smoke producing constituents removed from United States coals 


MTR RAO Seayerer ands TULIROIS one a a 
26; per cent per cent per cent per cent 
500 2.1 0.3 
600 6.5 7.8 2.9 1.4 
700 15.8 9.7 10.7 6.7 
800 18.1 12.2 10.7 11.3 
900 17.5 11.9 12.7 9.5 


Semi-Coke Uses. Asa whole, semi-coke is fairly dense and of good 
texture, although some of it is quite friable. Samples tested by the 
United States Bureau of Mines (101) indicate that it is adapted to 
the usual screening and sizing processes for preparation as a domestic 
fuel. The coke produced, of course, varies very greatly with the 
raw coal used, but there is no doubt that a few of the low tem- 
perature carbonization residuums are suitable for metallurigical 
purposes. The high percentage of volatile hydrocarbons remaining 
in the low temperature coke supplies a free-burning constituent, 
which is readily ignited and which will maintain fire without special 
attention. In this respect, the semi-coke is superior to anthracite. 
The percentage of smoke-producing elements, consisting of tar and 
heavy hydrocarbons, which can be removed from American coals at 
various temperatures of carbonization, as determined by Porter and 
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Ovitz (96), is given in Table 84. It has been pointed out that one 
of the purposes of low temperature processes was to produce a smoke- 
less fuel, and how nearly this purpose has been attained is made 
evident by the table. The semi-coke obtained as a carbonization 
residuum is an ideal smokeless fuel. 

Parr and Olin (31) conducted some experiments on semi-coke 
gasification, using a small Otto gas producer equipped with a wet 
scrubber, the results of which are given in Table 85. This producer 


TABLE 8 
Comparison of low temperature coke and anthracite as gas producer fuel 


LOW TEMPERA- 


ITEM TURE COKE ANTHRACITR 
Test conditions: 
Duration of test: hours yy:4 vee nce oe miele oars 6.3 7.0 
Temperature of exit gaseS............0.. eee eee 880°C. 725°C. 
Behe per: pound Hue ly, oes cy as ne nanaes ater ctioniore 11,660 12,980 
Pounds water decomposed per pound fuel........ 2.42 0.191 
Pounds water decomposed per pound gas........ 0.0588 0.0350 
Bitruiper-cubic Toot eas 4k ce eae ae es ees 121 97 
Cubieteet gas: per pound fucliiy nn ecceea ee 62.3 76.2 
Grateveticlen Gy i idea ci srt eee m Niet elena cameenor ons 98.2% 84.3% 
Hot gasretti ciency saying qedte ae son ela eres 74.4% 56.8% 
Goldigastetticienc yim ciimic ie ch iiee a ee omnes 64.9% 53.9% 
Gas analysis: per cent per cent 
Garbon) dlOxidericignci, cuaag ana Cuts oe setae teeta ae 4.2 8.8 
Carbon monoxide’ suite Ga wauier elie cease eet 21.1 18.2 
ORV POT FO Sakae Bek sane Ga a ll UM RU Neo el ode vee apt te 0.3 0.9 
Ply komen trad reine acids silat laatoas eg Nene 11.8 8.7 
IMRe tier ni sites Wen cs as dd oO) banat tt Va ee en 1.5 1.0 
INUCPO BESTE Aes tii cpa ete nore Raia ate Ru ae epee 61.0 62.4 


was designed to operate on pea size anthracite coal. Using an- 
thracite, the normal capacity was 4500 cubic feet of gas per hour. 
The semi-coke, which they used as a fuel, was obtained from car- 
bonizing screenings of Illinois coal at 550°C. It was light and porous 
and showed no tendency to pack on the fuel bed. Analysis showed 
it to contain 18 per cent volatile matter and 71 per cent fixed carbon. 
The residuary gases, evolved from the secondary carbonization of 
this primary coke, were remarkably free from heavy condensation 
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products. This suggested that producer gas made by the gasification 
of semi-coke would be sufficiently free from tar to render it suitable 
as a fuel for internal combustion engines. For comparative purposes, 
data obtained from the operation of the same producer, using a 
Pennsylvania anthracite coal, as determined by Garland and Kratz 
(206), are also given in Table 85. 

The great increase in efficiency attending the use of low temper- 
ature coke as a gas producer fuel is the notable feature of Table 85. 
The higher thermal value of the gas from semi-coke is shown by the 
analysis to be the result of a low percentage of diluents, such as 
carbon dioxide, nitrogen, and oxygen, in the gas. Little tar was pro- 
duced during the operation of the producer with semi-coke as a fuel. 
As a whole, the tests were entirely successful and little attention was 
required during the runs. The lightness of the low temperature coke 
and its slight tendency to arch made it necessary to poke the charge 
about once an hour and, in this respect, it required somewhat more 
attention than anthracite. However, this semi-coke contained more 
volatile matter than the usual product, which fully accounts for 
such minor difficulties as were experienced. There was a remarkable 
freedom from ash and clinker trouble. 

Lander and McKay (186) reported some tests conducted at the 
Fuel Research Station in a small gas producer to determine the 
suitability of low temperature coke for complete gasification, as 
compared with high temperature coke from verticalretorts. Since 
the tar had, for the most part, been removed from the semi-coke, it is 
reasonable to anticipate the success of using this fuel as a charge for 
gas producers. The low temperature coke gave 23 per cent higher 
consumption of carbon than the high temperature product and 
yielded under the same conditions twice the percentage of carbon 
monoxide and less dioxide than the high temperature gas coke. The 
high velocity of consumption is indicative of high reaction velocity, 
which accounts for the increase of 25 per cent in temperature of the 
producer hot zone. 

Domestic Fuel. One of the greatest potential markets for low 
temperature coke is that of a household fuel. Semi-coke is ideal 
for this purpose, since it is clean, ignites easily, and burns readily 
with little attention. Fireplaces and other domestic heating ap- 
pliances emit a large portion of their heat by radiation. Fishenden 
(207) has investigated the radiation efficiency of low temperature 
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coke, as compared with coal ordinarily used. Three tests were made 
on various types of open grates. In the first test, a radiation effi- 
ciency of 19.7 per cent was obtained for low temperature coke, as 
compared with 17.3 per cent for bituminous coal; the second test 
showed the semi-coke to have a radiation efficiency of 24.0 per cent 
and the bituminous coal 19.5 per cent; the third test gave corre- 
sponding figures of 30.8 per cent and 24.2 per cent. This shows that 
in open grates the radiation efficiency of low temperature coke is 20 
per cent to 25 per cent greater than that of bituminous coal. 

In kitchen boilers, Fishenden (207) also found low temperature 
coke to be more effective than bituminous coal. Three different 
tests were conducted likewise. In the first test, the radiation 
efficiency of semi-coke was 17.3 per cent, as compared with 13.1 per 
cent for bituminous coal; the corresponding figures for the second test 
were 20.7 per cent and 14.5 per cent; while in the third trial the low 
temperature coke gave 41.0 per cent radiation efficiency and the 
bituminous coal 31.0 per cent. In ordinary kitchen ovens, however, 
the coke does not show any increase in efficiency over coal, but 
probably in an oven designed to take better advantage of the in- 
creased radiation this could be improved. The advantage of low 
temperature coke over coal, aside from its smokeless quality, lies in 
its superior radiation, which is most apparent when the distance 
from fuel bed to boiler or oven is small. When they are far apart, the 
advantage of the coke diminishes and the longer luminous flame of 
the coal gives better results. 

Power Char. An ideal fuel for pulverization should contain about 
10 per cent volatile matter and be easy to grind. One of the principal 
difficulties in installations utilizing powdered fuel is the wear on the 
pulverization mills. Coke residuum from the low temperature process 
is comparatively easy to crush and prepare for the furnace. For 
these reasons, low temperature coke is peculiarly suitable for pul- 
verized fuel. Gentry (208) has stressed the importance of semi-coke 
as a pulverized fuel for central electric stations and pointed out that 
the fuel can be prepared by grinding before or after carbonization or 
between operations of a multi-stage process. A number of methods 
have been devised, notably by McEwen and Runge, in which the 
coal is carbonized in finely divided particles, thus entirely eliminating 
or reducing the pulverization ordinarily required after distillation. 

It is well to consider the specific case of a bituminous coal which 
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contains 32.2 per cent volatile matter, 57.8 per cent fixed carbon, 
2.8 per cent moisture, and 7.2 per cent ash, with a heating value of 
13,800 B.t.u. per pound. Such a coal ordinarily contains about 
5.4 per cent hydrogen, which causes a loss on combustion of 628 
B.t.u. per pound. Before pulverization, it is considered expedient 
to dry the coal to a moisture content of about 1.7 per cent water, 
in order to reduce the power required for grinding. The 1.7 per 
cent moisture in the fuel after drying causes a further loss of 22 
B.t.u. per pound on burning. These losses reduce the heat available 
in the boiler furnace to 13,150 B.t.u. per pound. A modern large 
pulverized fuel boiler has an over-all efficiency of about 88 per cent, 
calculated on the gross heating value of the coal, or 92.4 per cent, 
figured on the net heating value, as delivered to the furnace. Hence, 
12,174 B.t.u. per pound are absorbed by the boiler. A year’s 
operating experience at the Columbia Power Station (209) showed 
that on the average 0.94 per cent of the coal was required to dry the 
fuel, with 3.9 per cent average initial moisture, to an average of 1.7 
per cent moisture before grinding. Proportioned for a coal with 2.8 
per cent initial moisture, 65 B.t.u. per pound must be deducted for 
drying. At the same power plant 16.2 k.w.h. per ton were required 
to operate the mills which, since the station operated on 12,495 
B.t.u. per kilowatt hour, amounts to 102 B.t.u. per pound required 
for pulverization. These additional deductions for preparation of 
the fuel give a new figure of 12,007 B.t.u. per pound, or 87.0 per 
cent of the calorific value of the raw fuel, usefully absorbed by the 
boiler. 

An average externally heated low temperature coke made from 
the bituminous coal considered above will have a thermal value of 
13,400 B.t.u. per pound. Such a semi-coke will contain no moisture, 
as discharged from the retorts, but may absorb as much as 1 per cent 
upon standing, thereby causing a combustion loss of 13 B.t.u. per 
pound. The residual hydrogen in the low temperature coke amounts 
to about 2.0 per cent, which represents a combustion loss of 233 
B.t.u. per pound. Deduction of the hydrogen and moisture losses 
gives 12,168 B.t.u. per pound, available in the furnace when the same 
boiler efficiency as used for the raw coal is applied. Semi-coke needs 
no drying before pulverization, so that no deduction need be made 
for that item, while the heat required for carbonizing the coal will 
be charged to the cost of processing for by-products. The consensus 
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of opinion of those who have had experience in grinding semi-coke is 
that it will require 20 per cent less power for pulverization than the 
raw coal. On this basis a deduction of 81 B.t.u. per pound must be 
made for grinding, giving finally 12,087 B.t.u. per pound usefully 
absorbed in the boiler. This amounts to 87.6 per cent of the heat 
in the semi-coke usefully absorbed, as compared with 87.0 per cent 
for the coal from which the semi-coke was made. Similar calculations 
made for a semi-coke obtained from an average partial gasification 
low temperature process, with 13,200 B.t.u. per pound calorific value 
and 1.5 per cent hydrogen, show about the same results. It may be 
concluded, therefore, that low temperature coke, pound for pound, 
has a furnace efficiency in the pulverized form slightly exceeding 
that of the raw coal from which it was made. 

Moreover, there are further economies, that may be expected 
from the use of pulverized low temperature coke as a boiler fuel, 
which may be of importance exceeding that of its increased furnace 
efficiency. In the first place, semi-coke can be stored indefinitely 
in the powdered form without danger of spontaneous combustion, 
so that mill house operating costs can be reduced somewhat by allow- 
ing the mills to run at a much better load factor. Furthermore, the 
friability and softness of semi-coke will require less mill maintenance 
than raw coal. Here record must be made of the fact, commonly 
misunderstood, that low temperature coke is in no way comparable 
to high temperature coke, which is known to be brittle and exces- 
sively abrasive. The firing of pulverized fuel in boilers requires an 
excessively large furnace volume to secure complete combustion, 
because of the long flame. The length of a pulverized coal flame 
depends solely upon rate of combustion, which in turn depends on 
three things, temperature of the furnace, turbulence to bring fresh 
air for oxidation, and combustibility of the fuel. The high com- 
bustibility of low temperature coke has already been pointed out, 
so that it is quite apparent that, for given furnace temperatures and 
given conditions of mixing, the rate of combustion of semi-coke is 
greater than raw coal and its pulverized fuel flame correspondingly 
shorter. In fact, certain experiments have shown that the flame 
of pulverized semi-coke was so short that it was necessary to mix a 
certain proportion of raw coal to lengthen the flame in boilers designed 
with large furnace volume. These results demonstrate that by using 
pulverized semi-coke in place of the raw coal, considerably smaller 
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furnaces can be used for boilers of the same capacity, or, vice versa, 
for a given furnace volume, increased combustion rates will permit 
the boilers to be designed for greater capacity. Either increased 
capacity for a given furnace size or reduction in furnace size for a 
given boiler capacity will effect material saving in capital expenditure, 
which will ultimately be reflected in the cost of power. A further 
discussion of this subject will be given in Chapter VIII under the 
subject of by-product recovery in central stations. 

The safety with which powdered semi-coke can be stored without 
fear of explosion is of importance in marine power plants. The 
limited space on shipboard and on locomotives also makes the short 
flame of low temperature pulverized coke and its associated small 
furnace volume of considerable importance to the transportation 
industry. 

Low temperature coke briquets, made by the Carbocoal process, 
have been tested as a fuel in both locomotives and marine installa- 
tions. It was demonstrated that the fuel was smokeless and that it 
evaporated from 8.5 pounds to 12.8 pounds of water per pound of 
fuel per hour, from and at 212°F., when fired at rates ranging from 
100 pounds to 27 pounds of fuel per hour per square foot of grate 
surface, respectively. A maximum rate of 166 pounds of low tem- 
perature briquets per square foot of grate surface per hour was 
fired for short periods with no greater draft than was required by 
ordinary bituminous coal. 


CHAPTER V 


NITROGENOUS AND OTHER By-PrRopUcTS 


Distribution of Nitrogen. According to Fieldner, Selvig, and Paul 
(210), the nitrogen content of coals of the United States varies from 
0.32 per cent, in a sample from California, to 2.15 per cent, in a 
sample from Maryland. The Utah coal which was coked at low 
temperatures by Parr and Layng (101) contained 1.40 per cent 
nitrogen. Porter and Ovitz (96) found the following percentages of 
nitrogen in the coals distilled by them: Pennsylvania, 1.23 per cent; 
Illinois, 1.31 per cent; Virginia, 1.07 per cent; Wyoming, 1.06 per 
cent; and Utah, 1.16 per cent; while the bituminous coals carbonized 
by Taylor and Porter (98) contained nitrogen to the following extent: 
Pennsylvania, 1.53 per cent; Illinois, 1.55 per cent; West Virginia, 
1.45 per cent; and Wyoming, 1.49 per cent. In Table 16, the average 
percentage of nitrogen found in coals of the United States has already 
been given. As a rule, these coals have from 1.1 per cent to 1.6 per 
cent nitrogen, which corresponds to 24.5 pounds and 36.0 pounds of 
nitrogen per net ton of coal, respectively. On the basis of 100 per 
cent theoretical yield, this amounts to from 30.0 pounds to 43.5 
pounds of gaseous ammonia per net ton, or 115 pounds to 169 pounds 
of ammonium sulphate per net ton of raw fuel. 

The efficiency of the nitrogen recovery depends largely upon the 
process of carbonization used. When the coke is completely gasified 
and the by-products recovered, as in some producer processes, the 
yield of ammonium sulphate attains as much as 85 pounds per net ton, 
which is 61.5 per cent of the theoretical. It is interesting to note 
from Table 86, which gives the average recovery of ammonium 
sulphate in the three methods of coal carbonization, that the greatest 
efficiency of recovery is obtained in gasworks practice and the lowest 
efficiency in low temperature carbonization, metallurgical coke ovens 
occupying an intermediate position. We shall see later that the 
reason for this resides in the fact that the low temperature retorts 
operate at too low a temperature to drive the nitrogen from the coke 
in quantities and that the metallurgical coke ovens operate at such a 
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high temperature, in order to get a good coke structure, that the 
ammonia evolved is partly decomposed by the heat. 

The nitrogen is present within the coal in a number of forms. 
Under destructive distillation some of it appears in the gas as free 
nitrogen, some as ammonia, and some as cyanogen. A small amount 
of the nitrogen appears in the tar, as nitrogen bases, and a large 
proportion ordinarily remains in the coke. The nitrogenous products 
found in low temperature tar have already been fully discussed in 
Chapter III, under the subject of tar bases. Table 87, after Lewes 


TABLE 86 
Efficiency of ammonium sulphate recovery 


AMMONIUM 
SOURCH SULPHATE EFFICIENCY 
PER NET TON 


pounds per cent 
CAR WORK Baer sate prtae grate eon aneiaetsi Se wdc Ses 22 16.0 
Woakavavensy ve ra hore enn Sas aoe aonh 20 14.5 
Low temperature OvenS................0.0005 12 8.8 


TABLE 87 
Distribution of nitrogen in coal among its products of distillation 


PER CENT OF 


PRODUCT PER CENT OF COAL NITROGEN 
COLE) SNS ce ra er Oeil en Ra IC gr eo ea 0.933 8.3 
(GIRS (ONDE Salient Se ee pie inin es nc 0.312 19.5 
Waar CNEs ses sta ptistne nc come mam ese 0.174 17.1 
PLA MIDASCS arcane cater dew eiienl elas eee eae 0.054 3.9 
@vanoreni(ON)) a7 awit seye is ayatsievew.sliw eee. 0.019 1g 


(17), quoting McLeod, gives the distribution of nitrogen among the 
volatile products and residuum of carbonization. This table presents 
the interesting fact that the major portion of nitrogen remains in the 
carbonization residuum and a large part is lost in the gases which 
are evolved, so that, in any event, hardly more than 30 per cent of the 
total nitrogen is recoverable in a useful form. It has been shown in 
Table 73 that the percentage nitrogen in the coke after distillation is 
greatest for low temperature coke and least for that made in metal- 
lurgical coke ovens. 
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The gas evolved in low temperature carbonization contains con- 
siderable elementary nitrogen. Thus, Parr and Layng (101) reported 
3.87 per cent of the gases which they obtained from Utah coals at 
750°C. to consist of this gas. Davis and Parry (97) found that the 
Pennsylvania coals which they examined averaged 5.83 per cent 
nitrogen in the gas. The gas evolved in the manufacture of Coalite 
runs considerably higher in nitrogen content, 9.28 per cent having 
been recorded by Parr and Olin (81). 
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Fig. 41. Yrrup or PRrRopucts FROM SILESIAN CoAL As A FUNCTION OF 
TEMPERATURE 


Effect of Temperature. The percentage distribution of the 
nitrogen in coal among its products of distillation varies with the 
temperature of carbonization. Simmersbach (211) studied the effect 
of temperature upon the distribution of the elementary nitrogen 
with the results shown in Fig. 41. These experiments were made 
upon Silesian coal with a total nitrogen content of 1.39 per cent. 
Reference to the illustration shows that the maximum percentage of 
nitrogen occurs in the ammonia at 900°C., while the minimum per- 
centage of nitrogen in the gas occurs a hundred degrees lower. 
Heating of the coal beyond 900°C. decreases the nitrogen remaining 
in the carbonization residuum but does not increase the percentage 
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of ammonia. The additional nitrogen evolved merely goes to in- 
crease its content in the gas. The nitrogen content of the tar 
remains about constant, irrespective of the temperature beyond 
about 600°C. It is interesting to note that, even at a temperature 
of 1200°C., over a quarter of the nitrogen contained in the coal 
remains in the coke. 

We have already seen in Table 25 the variation in the proportion 
of free nitrogen in the gas which was evolved from Lancashire coal 
distilled up to 400°C. by Burgess and Wheeler (104). Lignites and 
peats usually contain much more nitrogen than bituminous coals 
and a large part of it appears as free nitrogen in the gas upon destruc- 
tive distillation. We have seen in Table 27 that as much as 20 per 
cent of the gas which was evolved from the carbonization of peat in 
vertical retorts was free nitrogen. Again, in Table 29 the results of 
Benson and Canfield (108), on the distillation at various temperatures 
of Newcastle lignite from the state of Washington, show as much as 
42.7 per cent free nitrogen in the low temperature lignite gas. After 
400°C. temperature of carbonization in this particular case, there is 

apparently no increase in the percentage of free nitrogen in the gas, 
at least up to 600°C. 

In Fig. 13, it is seen from the results of Taylor and Porter (98) 
in heating Wyoming coal for long periods at 350°C., that, after 25 
hours of distillation, practically all the ammonia had been removed 
from the coal, whereas the production of saturated hydrocarbons, 
hydrogen, and the oxides of carbons continued even to coking periods 
of 200 hours. Consequently, the longer the period of distillation 
at this temperature, the less the proportion of ammonia to be ex- 
pected in the gas. 

Giles and Vilbrandt (99), in their distillation of Farmville, N. C., 
coal at temperatures ranging from 200°C. to 660°C., found that the 
ammonium sulphate produced, expressed as percentages of the 
original coal, amounted to 0.17 per cent at 200°C.; 1.23 per cent at 
300°C.; 2.20 per cent at 420°C.; 2.25 per cent at 540°C.; and 3.00 
per cent at 660°C. _ Analyses of the semi-coke obtained by Benson 
and Canfield (108), when distilling a Washington lignite at temper- 

atures ranging from 150°C. to 600°C., showed the carbonization 
residuum to contain 2.9 per cent nitrogen at 150°C.; 2.5 per cent 
at 250°C.; 1.4 per cent at 350°C.; 0.9 per cent at 450°C.; and 0.5 
per cent at 600°C. 
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Ammonium Sulphate. The authorities differ so greatly in the 
yields of ammonium sulphate which they have obtained in their 
experiments on low temperature carbonization that a tabulation of 
their average results, given in Table 88, will serve valuable comparative 
purposes. The average of the yields given in this table is almost 
exactly 14 pounds of ammonium sulphate per gross ton of coal, which 
is the value recommended by the Fuel Research Board, after their 
extensive experiments on many different coals, as the most reliable 
yield to be expected in low temperature carbonization. In order to 
pay for recovery, the ammoniacal liquor must be approximately 1.7 
per cent ammonia or 8 ounce strength. This means a recovery of 14 
pounds per ton. Otherwise, it is necessary to scrub the primary 
liquor with fresh gas until it reaches that concentration, which of 


TABLE 88 
Comparison of ammonium sulphate yields in low temperature experiments 


TEMPER- |(NH4)2SO; 


AUTHORITY COAL RETORT ATURE PER TON 
Parr and Layng (101)....... Utah Horizontal 750 20 
Armetrong (212) pniccteavuie Barnsley Coalite 650 18 
Davis and Berger (184)..... Pennsylvania | Vertical 650 18 
Fuel Research Board (114)..} Dalton Horizontal 650 14 
MEWS CL) ted oi eace soe tee bosans 500 12 
@untisn13) qa aes oe Virginia Carbocoal 500 8 


Davis and Parry (97)........ Pennsylvania | Vertical 550 % 


course means a larger operating expense and its consequent reduction 
of profit. 

It is quite obvious from Table 88 that, with one exception and 
within the temperature limits of low temperature carbonization, the 
higher the temperature the greater is the yield of ammonium sul- 
phate. The experiments of Burgess and Wheeler (104), on the 
carbonization of Silkstone coal at temperatures ranging from 450°C. 
to $00°C., as given in Table 23, show that at the temperatures of 
500°C. to 700°C., inclusive, about 1.5 per cent of the gas evolved 
consists of ammonia. At 750°C., which, under these conditions, 
appeared to be extremely favorable to the formation of ammonia, 
there was a copious evolution, which thereafter decreased with 
temperature rise. 
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Table 89 gives the temperature variation of ammonium sulphate 
yield, as determined from the experiments of Lewes (17) and of 
Simmersbach (211). The latter used Silesian coal, which is by no 
means typical, for the yields quoted by Simmersbach are much higher 
than ordinarily obtaining between 600°C. and 900°C. The figures 
given by Lewes, who used a good gas coal, are perhaps more re- 
presentative of ordinary coals. The yields are from charges sub- 
jected to carbonization over a period of 6 hours. These figures 
are more than 30 per cent lower than those given by Simmersbach 
in the low temperature range, but they are more representative of the 
conditions obtaining in full-scale operation. 


TABLE 89 
Temperature variation of ammonium sulphate yield 


SIMMERSBACH (211) SILESIAN COAL LEWES (17) GAS COAL 
TEMPERATURE ey 
Warcontini snrcole ae a per cent | (NH4) ee per cent 
°c; 
500 0.536 
600 1.27 0.515 0.669 
700 1.22 1.194 0.758 
800 1.21 1.401 0.892 
900 1.14 1.588 1.160 
1,000 1.00 1.525 1.071 
1,100 0.838 1.520 0.892 
1,200 0.53 1.504 


Fig. 42 gives the data of Table 89 in pounds of ammonium sulphate 
per gross ton of coal. In the illustration, it is seen that the yield of 
ammonium sulphate reaches a maximum at 900°C., according to both 
authorities. An average bituminous coal may be said to yield 
considerably less ammonium sulphate when carbonized at low tem- 
peratures, from 500°C. to 700°C., than when distilled at high tem- 
peratures over the range of 900°C. to 1100°C. It will be noted in 
the illustration, that the curves showing the yields of ammonium 
sulphate decrease after attaining their maximum. It will be pointed 
out shortly that this drooping of the yield curve is the direct result 
of decomposition of the ammonia. Temperature serves to drive the 
remaining nitrogen from the coke, as indicated by Table 89 and Fig. 
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42, but not so much in the form of ammonia as in the form of elemen- 
tary nitrogen, that is, in the absence of protective gaseous 
atmospheres. 

Thermal Decomposition. That the yield of ammonia attains a 
maximum at a certain temperature under given conditions and there- 
after decreases as the temperature of carbonization rises, has already 
been demonstrated. The reduction in the percentage of ammonia 
in the gas when it is subjected to superheating has also been noted in 
Table 36, as well as the decomposition of ammonia effected by 


Ammonium Sulphate,Pounds per Tow 


Temperature, Deg. C. 


Fig. 42. Yirup oF AMMONIUM SULPHATE AS A FUNCTION OF TEMPERATURE 


passing the gas over a small incandescent surface, as shown in Table 
37, and by the catalytic action of hot brick contact surfaces, recorded 
in Table 38. Presently, the subject of ammonia decomposition by 
active brick surfaces will be taken up again. 

A study of the equilibrium conditions surrounding the chemical 
equation, 


2 NH; @ N2+ 3 He [22] 


will explain clearly this phenomenon. This reaction, when pro- 
ceeding from right to left, is an exothermic one and takes place with 


NITROGENOUS AND OTHER BY-PRODUCTS 167 


the liberation of 24,000 calories of heat (116). We can predict 
immediately, therefore, from thermochemistry, that low temper- 
atures are favorable to the stability of ammonia. 

The effect of temperature variation on ammonia decomposition 
was investigated by Ramsay and Young (214). Their first experi- 
ments consisted in passing the gas through a porcelain tube, filled 


Fia. 43. Caratytic Errect or IRoN AND PoRCELAIN ON AMMONIA DEcomMPo- 
SITION AS A FUNCTION OF TEMPERATURE 


with broken pieces of the same material. In the second series of 
experiments, an iron tube was substituted for the porcelain tube for 
the purpose of investigating the effect of the tube material as a 
catalytic agent. The results are plotted in Fig. 43. It is seen from 
the illustration that decomposition of the ammonia begins below 
500°C., attains a maximum rate from 600°C. to 700°C., and is prac- 
tically complete at 800°C. The catalytic effect of the surface of the 


\ 
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tube is very pronounced. Thus,»iron increased the decomposition 
at a given temperature often as much as 100 per cent over that ob- 
tained in the presence of porcelain. It must be remembered that the 
equilibrium of Equation [22] is a dynamic one and the effect of a 
catalytic agent is to accelerate the rate of reaction in one of the 
directions, the net result being an increase or a decrease in the per- 
centage of ammonia which may exist under given thermal conditions. 

The data in Fig. 43 apparently disagree with the results of Sim- 
mersbach and of Lewes given in Table 89 and in Fig. 42. The 
maximum yield of ammonia occurs at 900°C. in Fig. 42, which is 
beyond the temperature prescribed in Fig. 43 for complete disso- 
ciation of the ammonia. Presently, we shall see that this can be 
readily accounted for by the retarding influence exerted by certain 
other constituents of the gas. In any case, the quantity of ammonia 
yielded is considerably less than the actual amount formed and the 
reduction of the yield at high temperatures must be attributed to its 
decomposition. The nitrogenous matter in coal is doubtlessly 
present in many forms. Some of the constituents of the coal give 
ammonia on simple distillation, while others react with the moisture 
and hydrogen which is present to form ammonia-yielding compounds. 

Rate of Decomposition. Foxwell (215) (216) made an extended 
study of the thermal dissociation of ammonia in coke ovens. He 
used in his experiments a silica reaction tube, coated with a thin 
layer of carbon. Using such a tube packed with coke, Foxwell 
studied the concentration of ammonia at various temperatures and 
found that the decomposition was a second order reaction, whose 
rate of reaction, therefore, was expressible by the equation, 


dz 
orn k (a — x)? [23] 


where z is the amount of ammonia decomposed in time, f, and a is 
the initial concentration of ammonia expressed in millimeters of 


mercury partial pressure. From Equation [23] we may solve for the 
velocity constant, k, as follows: 


1 1 1 
Hoes a) pe 


Despite the heterogeneous reaction, occurring in the thermal disso- 
ciation of ammonia in coal gas, it was found that a bimolecular 
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coefficient adequately expressed the results, even though it is difficult 
to interpret its meaning. Perhaps the presence of coal gas and water 
vapor exerted an influence which disguised the true character of the 
reaction. = 
The temperature variation of the reaction velocity constant was 
found to agree with Arrhenius’ empirical equation, 
cet 
ee ee G-7) [25] 
where A = 13,300 and kz and k, are the constants at temperatures, 
T, and T, respectively. The calculated and measured values of 
the velocity constant, k, for various temperatures, when coke is 
used as the contact material, are given in Table 90, from which it is 
seen that the temperature increase of the velocity of the reaction is 


TABLE 90 
Temperature variation of ammonia decomposition velocity constant 


TEMPERATURE MEASURED k CALCULATED k 
£C. 
520 0.00013 0.000049 
600 0.00025 0.00023 
655 0.00056 0.00056 
755 0.00215 0.00225 
850 0.00673 0.00673 


comparatively slow. Foxwell (215) (216) found that the ammonia 
decomposed to some extent below 600°C., contrary to the findings of 
other investigators. 

It has been noted in Table 38 that hot brick surfaces catalyze the 
decomposition of ammonia and it has been pointed out that, since 
the equilibrium given in Equation [22] is dynamic, the effect of a 
catalyst is merely to accelerate the reaction rate which must be 
reflected in a variation of the coefficient, k, of Equation [23] and 
Equation [24]. This is indeed the case. Table 91 gives the analyses 
of four different bricks, two of which are silica bricks and two of which 
are siliceous bricks. The table gives for each type of brick a sample 
low in ferric oxide and a sample high in ferric oxide: The great 
influence of silica and ferric oxide on the velocity constant, k, is 
quite apparent. It can be concluded that silica brick has a much 
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smaller decomposing influence than siliceous brick and that, from 
the standpoint of preservation of ammonia, the presence of iron is 
highly undesirable. All the brick samples had substantially the same 
porosity. Later we will discuss the results of Mott and Hodsman 
(217), who studied the influence of contact materials on the decom- 
position and oxidation of ammonia in various gaseous atmospheres. 

Since brick contains many of the oxides found in coal ash, it might 
be anticipated that the constitution of the ash would have an im- 
portant bearing on the decomposition of ammonia evolved from the 
coal. Under the subject of catalysis in Chapter I, it has already 
been pointed out that Lessing (81), Lessing and Banks (82), and 


TABLE 91 
Effect of brick composition on ammonia decomposition 


SILICA BRICK SILICEOUS BRICK 


CONSTITUENT 
Low iron | High iron | Low iron | High iron 


Welogity constants oi edee ver cee saccseuietneeccnc 0.000433 0.000103 0.00502 0.0123 


Analysis i. per cent per cent per cent per cent 
SL Oak ge seine case Mica i Sure ty lM ty nase 94.69 94.45 83.29 73 .68 
TANS Og Key R pene: aecstla cial wit Meese ty echacehe 1.29 1.65 14.17 19.78 
ISO PVE ae Gea Utines Ad oaeoniainy esky rey Re 1.31 0.50 0.52 3.90 
PRI O pepe aed cth re nay myn hay a Pecan tee 0.15 0.13 0.66 0.66 
Ga es Bute Ne DLcr ada sa oia i etanua aaa 1.93 2.74 0.32 0.45 
INES) Bitrcrcy Se ea ota ara ai ian Eke laeeavee 0.16 0.12 0.10 0.07 
IN BO Ghai stonetera ae. as osama sac pits ean 0.28 0.15 0.12 0.58 
ae eo iGuaanitata cen srale secre aie de tia 0.25 0.62 0.64 0.82 


Marson and Cobb (83) investigated the effect of ash analysis on the 
solid residuum from distillation. Foxwell (215) (216) made a number 
of experiments to define the influence of coke ash on the ammonia 
decomposition velocity constant. He used a Durham coal, con- 
taining 8.10 per cent ash in his experiments, to which various in- 
gredients were added in different samples for the purpose of ascer- 
taining the effect of each substance. The analyses of the ash from 
eight specimens is given in Table 92, along with the mean velocity 
constant for each sample at 755°C. Sample No. 1 was the ash of a gas 
coke alone; Sample No. 2 was the ash of the Durham coal alone; 
Sample No. 3 contained an addition of 5 per cent impure pyrites 
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from a coal seam; Sample No. 4 contained an addition of 3 per cent 
rutile; Sample No. 5 contained an addition of 5 per cent orthoclase 
felspar; Sample No. 6 contained an addition of 5 per cent ferric 
oxide; Sample No. 7 contained an addition of 3 per cent ignited 
line; and Sample No. 8 contained an addition of 10 per cent ignited 
lime. 

The velocity constant given in Table 92 is the mean value for 
periods of contact ranging from 0.78 second to 4.24 seconds, within 
which time intervals the constant was found to be independent of 


TABLE 92 
Effect of coke ash analysis on ammonia decomposition velocity constant 


ASH SAMPLE 


CONSTITUENT 
r{a[a|s be | Alita’ 
Velocity constant, k.................2.0% 0.00215] 0.00193] 0.00242|0.00203/0.00186| 0.0293 |0.00565|0.00608 
per | per | per | per | per | per | per | per 
Analysis: cent | cent | cent | cent | cent | cent | cent | cent 
ROS cari oly cere mt otk taste 39.07/47 .53)35 . 80/33 .60|54 . 43/34 .00|33 40/18 .65 
DU Og rrcctossn)s Harateciee gee so 5s 33 .63|27 .65|20 . 10/19 60/23 62/14. 50/19 .70}11 .00 
USCS REP ee eng sone See 16 .20}13.00 9.20} 7.80 9.45) 5.31 
1S ee Ong eee Oey OF 35.20 10.30 
eee araee gees a eins0 viswee sor earany. © 32.30 
PERC han guna Rae tk Scout es 6 1.25) 1.30} 1.19/30.00} 1.04) 0.90) 1.25} 0.55 
BOO alee dais eet y wernt ns 4.24) 4.95) 6.20} 3.47) 2.70) 4.45/32 50/62 .30 
BVA eicic slamteinrcinry arene Sacclaa ait 0.96) 0.72} 0.51! 0.51] 0.45} 0.52) 0.52) 0.30 
TT Ear ee eS es =e net OPE 0.26) 0.26) 0.14) 0.18} 0.19) 0.18) 0.17} 0.09 
Te Mamaia cairns pe dan 0/3 1.47} 1.09) 0.92) 0.77) 7.50) 2.95} 0.75] 0.45 
0 ee SEC A SR 3.26} 3.83 2.70) 2.20 2.85) 1.82 


the time of contact. Examination of the table discloses that rutile 
and felspar have practically no catalytic effect, whereas iron in 
certain forms and lime have a most vigorous influence. During 
carbonization, pyrites and ferric oxide are converted to ferrous 
sulphide and metallic iron, respectively. Ferrous sulphide increases 
the reaction rate only slightly, whereas the addition of about 3.75 
per cent metallic iron, reduced from ferric oxide, increased the 
reaction rate fifteen fold. Consequently, if the iron is, present in 
the coal as_ pyrite, its catalytic effect will be negligible, but, if it is 
present as ferric oxide, the decomposition of ammonia will be tre- 
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mendously accelerated. The result of the addition of lime was not 
anticipated and is somewhat inexplicable. The addition of lime is a 
well known practical method of increasing ammonia yield in car- 
bonization practice, but these experiments showed that the addition 
of 3 per cent lime more than doubled the rate of dissociation, which 
was further increased only slightly by larger additions of the same 
material. 

Some significant results were obtained by Foxwell (215) (216) 
when one per cent salt was added to the coal. In this case, the value 
of the reaction velocity constant, k, did not remain constant when the 
period of contact varied, as in the case of materials previously tested. 
As the period of contact increased, the value of k decreased in the 
following manner: for 1.14 seconds, k = 0.00200; for 1.20 seconds, 
k = 0.00142; for 1.33 seconds, k =.0.00131; and for 3.86 seconds, 
k = 0.00093. These data show that, when the period of contact is 
long enough, the salt acts as a negative catalyst and retards the dis- 
sociation of ammonia. The influence of salt is attributed to its 
reaction with water vapor and carbon dioxide to form sodium car- 
bonate with the liberation of hydrochloric acid, the latter being the 
retarding agent. Explanation of the decrease in velocity constant, 
as the period of contact is lengthened, has been suggested to reside 
in the disappearance of the hydrogen chloride, as time progresses, 
by its reaction with the ash constituents to form hydrogen sulphide, 
ferrous chloride, and other compounds. The presence of hydrogen 
sulphide in the gas was indicative of this explanation. Foxwell 
(215) (216) attempted to ascertain the effect of hydrochloric acid 
concentration on the ammonia decomposition velocity constant and 
obtained some results that are difficult to interpret. He found 
that the velocity constant decreased from about 0.0030 to about 
0.00060, as the ratio of hydrogen chloride to ammonia concentration 
increased from zero to 0.1, at which point there was an abrupt change. 
Thereafter, the velocity constant rose to a maximum of about 0.0015 
at a concentration ratio of 0.4, finally decreasing to about 0.00035 
at a concentration ratio of unity. The decrease up to a concentration 
ratio of 0.1 is explained by the negative catalytic effect of hydrogen 
chloride; the rise to a maximum at a concentration ratio of 0.4 is 
attributed to the positive catalytic effect of metallic iron, produced 
by the reaction of hydrochloric acid with ferrous sulphide to form 
ferrous chloride, which in turn reacts with moisture to form ferrous 
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oxide, the latter being finally reduced by hydrogen to metallic iron; 
while the reduction of velocity constant up to a concentration ratio 
of unity can be conceived as the result of the formation of ammonium 
chloride, which is stable at temperatures above 800°C., thus decreas- 
ing the effective quantity of ammonia available for dissociation. 

Ammonia Oxidation. An extensive investigation on the factors 
which influence the destruction of ammonia by oxidation in the car- 
bonization of coal was carried out by Greenwood and Hodsman 
(218) (219). A knowledge of this phenomenon is clearly important, 
because of the likelihood of indrawn air in a leaky retort and because 
of the part played by water vapor and materials of construction in 
retarding or promoting ammonia oxidation. It is very well known 
that the oxidation of ammonia is exceedingly sensitive to catalysts, 
both with respect to the velocity of oxidation and with respect to the 
products of the reaction. Ammonia may react with oxygen to yield 
elementary nitrogen and water, or it may react to form nitric oxide 
~ and water. Under the conditions obtaining during carbonization, 
the formation of gaseous nitrogen upon oxidation is the more likely 
of the two to occur, but conceivably, by the use of certain catalytic 
agents, the ammonia could be oxidized almost quantitatively to the 
oxide. Apparently, ammonia is completely unstable in the presence 
of oxygen at all temperatures, so that neither of the above mentioned 
reactions is reversible under ordinary, or indeed under any known, 
conditions. Consequently, the decomposition of ammonia by 
oxidation cannot be regarded as limited by conditions of equilibrium 
or by the law of mass action. Under given physico-chemical condi- 
tions with a given catalyst there is always a temperature at which 
the tendency to form nitric acid from the reaction of ammonia and 
oxygen is at a maximum. Above and below this optimum tem- 
perature the tendency is to form free nitrogen, probably as a result 
of the interaction of nitric oxide that is produced and fresh ammonia 
to form elementary nitrogen and water. This sufficiently accounts 
for the fact that nitrates and nitrites are never found in the gas 
liquors. 

Greenwood and Hodsman (218) (219) observed that the catalytic 
effect of a porous firebrick, which contained 1.4 per cent of ferric 
oxide, decreased from a marked activity, in the initial passage of gas, 
to about 25 per cent of its former value, after prolonged flow of gas. 
Thus, its effectiveness diminished from about 82 per cent of the 
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ammonia oxidized, after 10 liters of gas had passed over the catalyst, 
to about 25 per cent decomposed, after 120 liters had flowed through 
the reaction tube, the decay of activitiy apparently following an 
exponential law. This fatigue of the brick catalyst cannot be 
attributed to poisoning by other constituents of the gas, for the same 


Per Cent. Ammonia Destroyed 


Fig. 44. Catatytic Errect or Rerractory MATERIALS IN VARIOUS 
ATMOSPHERES ON AMMONIA DECOMPOSITION 


1 = Dry air with fireclay. 2 = Moist air with fireclay. 3 = Dry air with 
silica. 4 = Silica with nitrogen containing 1 per cent to 2 per cent oxygen. 
5 = Firebrick with coal gas containing 1 per cent to 2 per cent oxygen. 6 = 
Silica with coal gas containing 1 per cent to 2 percent oxygen. 7 = Chattered 
firebrick with dry air. 8 = Chattered firebrick with moist air. 


phenomenon was observed when pure air was passed. The author 
suggests that an explanation may be found in surface adsorption and 
occlusion of gas within the minute pores. 

Greenwood and Hodsman (218) (219) passed ammonia, mixed 
variously with dry and moist air, nitrogen, and coal gas, over different 
contact materials for quite a range of temperatures with the results 
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illustrated in Fig. 44. A blank experiment was made with the am- 
monia mixed with dry air and passed over silica, representative of a 
relatively inactive contact material, to determine the temperature 
range over which oxidation takes place when catalysis is minimized. 
Below 500°C., very small quantities of nitrous acid, but never nitric 
acid, were detected, while above that temperature only free nitrogen 
was produced by the reaction. The introduction of a nitrogenous 
atmosphere, containing from one per cent to 2 per cent oxygen, caused 
a retardation of oxidation below 700°C., due to the reduction in oxygen 
concentration, but above that temperature this effect was not 
noticeable. When an atmosphere of coal gas, containing one per cent 
to 2 per cent oxygen, was substituted in place of air, with silica as the 
contact material, oxidation of the ammonia was so effectively retarded 
that it was zero at 600°C. and less than 15 per cent had been destroyed 
up to 800°C. When firebrick was substituted for silica as the contact 
agent, in the presence of coal gas there was only a slight increase in 
oxidation. On the other hand, when fireclay was used as the catalytic 
agent in air, the oxidation of ammonia was tremendously accelerated, 
as seen in Fig. 44. From zero decomposition at 450°C. with silica, 
the oxidation was raised to about 8 per cent with fireclay and from 
about 25 per cent oxidation at 750°C. with silica to about 70 per cent 
with fireclay. When, however, moist air was substituted for dry air 
in the presence of fireclay contact material, there was a decrease of 
about 20 per cent in the proportion of ammonia oxidized. All of 
the experimental data were reduced to a contact time of 7 seconds. 
The results indicated that, under the conditions of the experiment 
up to temperatures of 800°C., there was very little oxidation of 
ammonia in the presence of coal gas, but that at the end of the 
passage the entire oxygen present had been removed, presumably 
by combination with the hydrogen or by reaction with the hydro- 
carbons of the coal gas. Had the entire ammonia present been 
oxidized, only a fraction of the oxygen would have been absorbed 
in this reaction. Even at 600°C., absolutely no ammonia was 
oxidized in an atmosphere of coal gas containing oxygen, although 
at this temperature the oxidation amounted to about 12 per cent 
and about 8 per cent in atmospheres of air and nitrogen, respectively. 
From these experiments, it is apparent that when ammonia is heated 
with oxygen in the presence of coal gas, oxidation of the hydrogen and 
hydrocarbons takes precedence over oxidation of the ammonia, and, 
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if any of the latter is destroyed at all, it must be attributed to thermal 
dissociation rather than to oxidation. 

The presence of moisture when a mixture of air and ammonia was 
passed over silica had very little effect, decreasing the oxidation but 
2.5 per cent at 750°C. The presence of moisture in coal gas caused no 
difference whatever in the amount of ammonia oxidized. However, 
it is seen from Fig. 44 that when moisture was admitted to the 
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Per Cent. Oxidation of Ammonia 
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Fig. 45. OxtpaTion oF AMMONIA IN Dry anv Moist AIR AS A FUNCTION OF THE 
Rate or FLow 


mixture of air and ammonia there was a material retardation in 
oxidation with fireclay as the contact material. The addition of 
2.8 per cent water vapor caused a reduction of the percentage am- 
monia oxidized at 740°C. from 64.0 per cent to 52.3 per cent. The 
influence of water vapor on the stability of ammonia in the presence 
of oxygen can be attributed to two factors, viz.: the increased rate 
of gas flow with the consequent shortening of the period of contact 
with the active surfaces and the specific effect of the water vapor. 
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The curves in Fig. 45 show severally the variation of oxidation at 
740°C. with the rate of flow for a mixture of ammonia and dry air; 
the variation of oxidation at the same temperature, as afunction 
of the rate of flow, when the air is saturated with moisture; and, by 
subtraction, the resultant curve, which may be regarded as showing 
the specific action of the water vapor. The preservative influence 
of moisture on the oxidation of ammonia was marked only in the case 
of contact surfaces exhibiting active catalytic effects, and then the 
activity of the catalyst was only partially retarded. The most 
plausible explanation of this behaviour is found in the supposition 
that a unimolecular film of moisture forms on the catalytic surface, 
thus restricting the access of ammonia and oxygen to the active 
material. 

Mott and Hodsman (217) investigated the influence of water vapor, 
and also the character of the contact materials, on the decomposition 
of ammonia at various temperatures. Their experiments were 
performed with a mixture containing about 1.5 per cent ammonia, 
which is the same order of concentration for that gas found in car- 
bonization practice. Fig. 44 shows the decomposition of ammonia 
by oxidation, as a function of the temperature, when heated with 
dry and moist air and passed over chattered brick which had pre- 
viously seen hard service in ovens where salty coals were coked. 
This brick had been badly corroded, iron from the coal ash having 
been volatilized as the chloride and deposited within the brick for 
some distance as the metal or as the oxide. Analysis showed this 
brick to contain 79.84 per cent silica, 11.49 per cent alumina, 1.31 
per cent titania, 3.95 per cent ferric oxide, 0.60 per cent lime, 0.12 
per cent magnesia, and 2.47 per cent alkalies, by difference. The 
high iron content of this brick probably largely accounted for its high 
catalytic action. These curves should be compared with those in 
Fig. 44 for a Farnley brick, designated as fireclay, from which it is 
observed that the iron in the chattered firebrick doubtlessly deposited 
as the more active metallic form, whereas in the fireclay it probably 
existed in combination with silicates. The presence of about 3 per 
cent water vapor lowered the oxidation at a given temperature much 
more than could be accounted for by reduction in time of contact, 
thereby confirming previous experiments indicating a specific action 
of water vapor. 


178 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


Nitrogen and Hydrogen Atmospheres. Mott and Hodsman (217) 
continued their work on the effect of contact surfaces on the oxidation 
and dissociation of ammonia in different atmospheres. The results 
in atmospheres of coal gas, hydrogen, and nitrogen, with and without 
the presence of oxygen, are shown in Fig. 46. In these experiments 
the chattered firebrick, previously referred to, was used as the contact 
material. The data were all calculated to the same period of contact. 


Per Cent. Decomposition 


Temperature, Deg. Cc 


Fia. 46. Catauytic Errect oF CHATTERED FIREBRICK ON THE DESTRUCTION 
or AMMONIA AS A FUNCTION OF TEMPERATURE 


1 = Oxygen-free coal gas. 2 = Dry coal gas containing 1.2 per cent oxygen. 
3=Dryhydrogen. 4= Mixture of moist coal gasand hydrogen. 5 = Oxygen- 
free nitrogen. 6 = Nitrogen containing 1.2 per cent oxygen. 


When a mixture of dry hydrogen and ammonia, to the extent of 
about 1.5 per cent, was passed through the reaction tube, dissociation 
began at about 660°C. and rose rapidly until at 800°C. it was prac- 
tically complete. Under these conditions the velocity of dissociation 
increases rapidly with the temperature, the velocity constant k, of 
equation (23) increasing from 0.00074 at 675°C. to 0.0059 at 750°C. 
and to 0.081 at 800°C. At 700°C. the decomposition amounted to 
about 9.5 per cent; at 750°C. to about 26 per cent; and at 800°C. to 
about 86 per cent. When a nitrogenous atmosphere was substituted 
in place of hydrogen, dissociation began as low as 550°C. and reached 
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nearly 80 per cent at 650°C. When 1.2 per cent oxygen, mixed with 
nitrogen, was used, the dissociation curve was apparently a linear 
function of the temperature, increasing regularly from about 46 
per cent at 625°C. to about 90 per cent at 775°C. The dissociation 
of ammonia is tremendously greater in the presence of nitrogen than 
in atmospheres of hydrogen, the two curves being roughly parallel 
and about 150°C. apart. In nitrogen the ammonia was almost 
completely decomposed at 660°C., whereas decomposition was just 
measurable at that temperature with hydrogen. It could of course be 
argued, from the law of mass action, that changes in the hydrogen 
concentration would be far more effective in preserving the ammonia 
than changes in the nitrogen concentration. This, of course, is 
true near the equilibrium condition, but it is neither necessary nor 
probable under conditions where the reverse reaction is negligible. 
Quite surprisingly, the presence of 1.2 per cent oxygen in the nitrogen 
above 650°C. has a preservative influence on the ammonia. Whether 
or not this beneficial result is due to initial dissociation and reaction 
of the hydrogen to form water vapor with its inhibitory influence, or 
to an entirely different mechanism, such as direct oxidation, is a 
matter of conjecture. Finally, when an atmosphere of dry coal gas 
was used, the destruction of ammonia amounted to 18 per cent at 
700°C., and was about complete at 800°C.; but when 1.2 per cent 
oxygen was present in the gas, the decomposition was only 62 per 
cent at the higher temperature. Here the benefit derived from the 
presence of oxygen is clearer, for water vapor is doubtlessly formed 
by the preferential oxidation of hydrogen in the coal gas. 

Further experiments by Mott and Hodsman (217) on the de- 
composition of ammonia, when passed over coke, gave results similar 
to those derived from the use of chattered firebrick as the contact 
surface, but the decomposition at a given temperature under a given 
atmosphere was considerably less, showing the coke to be a far more 
inactive catalyst than the chattered brick. They concluded that, 
since carbon has been shown to be an indifferent catalytic agent, the 
quantity and quality of the coal ash remaining in the coke is more 
likely to influence the decomposition of the ammonia. We have 
already seen that Foxwell (215) (216) demonstrated that the com- 
position of the ash, indeed, had a great effect on ammonia dissociation. 

Monkhouse and Cobb (220) observed that, of the total nitrogen 
present in the coal, only 10 per cent to 25 per cent is obtained as 
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ammonia, the greater portion, amounting to 40 per cent or 80 per cent, 
remaining in the coal and the rest being found in the gas as free 
nitrogen or as cyanogen. Many factors, such as temperature of 
distillation, nature of the coal, and rate of carbonization, affect the 
liberation of ammonia during coking. Temperatures above 500°C. 
are necessary for a good yield of ammonia and the higher the tem- 
perature, the less nitrogen remains in the coke. In general, the older 
the geologic age of the fuel, the less the proportion of total nitrogen 
obtained as ammonia. Finally, the slower the rate of distillation, 
the more nitrogen is evolved as ammonia, provided the vapors are 
quickly removed. 


TABLE 93 
Ultimate analyses of coal and eokes tested for liberation of ammonia 


TEMPERATURE OF COKE 


FUEL COAL 
500°C 800°C 1100°C 
Analysis: per cent per cent per cent per cent 
IVEOISTULOS sctyeac tee a eres enero eens 5.4 3.3 2.3 0.3 
Carbon atic es te tloaet aie tine 5 eiatereters 73.3 82.4 88.2 93.1 
ELV OLOPET: sua cetbnetitn Sele ateines 5.1 3.0 0.9 0.6 
INAGTOR OI 0270) (limes Aare Dats eteustes 1.67 18% 1.34 0.58 
Oxymene ies cis schareacieeeias wearers 8.2 3.6 alia 9.7 
DULPHUT tener saat rire emer alaat 1.75 1.41 1.40 1.30 
gs\tcl Oe aa ERY ry eine eer ere RAPP ei 4.7 4.5 6.22 4.9 


In their study of the liberation of nitrogen from coke as ammonia, 
Monkhouse and Cobb (220) used a Yorkshire bituminous coal which 
contained 5.4 per cent moisture, 34.0 per cent volatile matter, 56.0 
per cent fixed carbon, and 4.7 per cent ash. The ash consisted of 
25.1 per cent silica, 33.5 per cent alumina, 10.1 per cent ferric oxide, 
13.1 per cent lime, 12.9 per cent sulphuric oxide, and 5.1 per cent 
alkali oxides. Ultimate analyses of the raw coal and the three cokes 
obtained from it are shown in Table 93. The 500°C. coke was con- 
sidered representative of low temperature coke, the 800°C. coke 
resembled gas coke, and the 1100°C. coke was comparable to by- 
product oven metallurgical coke. The table shows clearly that the 
nitrogen present in the carbonization residuum was reduced as the 
temperature advanced. The ammonium sulphate equivalent of 
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nitrogen in the raw coal was 176.3 pounds per gross ton of coal; that 
in the 500°C. coke was 197.5 pounds per gross ton of coke, or 138.3 

pounds of ammonium sulphate per gross ton of coal; the 800°C. coke 
contained nitrogen equivalent to 141.5 pounds of ammonium sul- 
phate per gross ton of coke, or 66.5 pounds per gross ton of coal; 
while the 1100°C. coke had 61.2 pounds equivalent ammonium 
sulphate per gross ton of coke, or about 34 pounds per gross ton of 
coal. These cokes were heated at various temperatures in different 
atmospheres to determine the specific action of different gases on the 
production of ammonia. 


TABLE 94 
Effect of reheating coke in nitrogenous atmosphere 


TEMPERATURE OF FURNACE 
ITEM 


600°C. 800°C. 1000°C. 

500°C. coke: 

Per cent total coke nitrogen as ammonia..... 3.1% 8.56% | 0.06% 

Pounds of ammonium sulphate per ton coke.| 6.2 17.0 Or 

Per cent total nitrogen as ammonia.......... 2.5% 6.7% 0.05% 

Pounds ammonium sulphate per ton coal....| 4.3 11.9 0.1 
800°C. coke: 

Per cent total coke nitrogen as ammonia..... 0.34% 

Pounds of ammonium sulphate per ton coke.}| 0.5 

Per cent total coal nitrogen as ammonia..... 0.17% 

Pounds ammonium sulphate per ton coal....} 0.3 


Table 94 shows the results of heating the different representative 
cokes in the presence of nitrogen. The amount of ammonia evolved 
from the 1100°C. coke under these conditions was so small as 
to be negligible. The 500°C. coke had 1.34 per cent nitrogen re- 
maining after reheating to 1000°C., while the 800°C. coke had 1.02 
per cent remaining after reheating to the same temperature. This 
table should be compared with Table 95, which gives a nitrogen 
balance for the tests of these cokes when they were heated to the 
final temperature of 1000°C. in an atmosphere of nitrogen. Re- 
heating the 800°C. coke in stages to 1000°C., removed 30 per cent 
of the coke nitrogen, but, if any ammonia was formed, practically 
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all of it was decomposed under these conditions, as only 0.2 per cent 
was recovered. 


TABLE 95 
Nitrogen balance after reheating coke to 1000°C. in mitrogenous atmosphere 


ITEM 500°C, coxn 800°C. coxE 

Calculated to coke total nitrogen: per cent per cent 
Nitrogen as ammonia on reheating............... ihr 0.3 
Nitrogencin coke residuescacpie areas oes sere 60.4 70.2 
Free nitrogen and unaccounted for.............. 27.9 29.5 

Calculated to coal total nitrogen: per cent per cent 
Nitrogen removed by coking..................:.: 21.6 49.7 
Nitrogen as ammonia on reheating............... 9.6 0.2 
Nitrogen im Coke/;residueu.. 1a: osc «kets ie 47.3 35.3 
Free nitrogen and unaccounted for.............. 21.9 14.8 

TABLE 96 


Effect of reheating coke in hydrogenous atmosphere 


TEMPERATURE OF FURNACE 


ITEM PARC Oe Ses Re ae” aS. 
600°C. 800°C, 1000°C. 
500°C. coke: 
Per cent total nitrogen as ammonia.......... 12.47% | 20.30% | 1.47% 
Pounds of ammonium sulphate per gross ton 
GORE Yi esate our ccatorauat oer ay rar aie pe ree ae 24.6 40.1 2.9 
Per cent total coal nitrogen as ammonia..... 9.8% | 15.9% LLG 
Pounds ammonium sulphate per gross ton 
COREL cater oenceeee Gite tO oleiety Emnen eae ae eee ied, 28.1 2.0 
800°C. coke: 
Per cent total nitrogen as ammonia.......... 0.44% | 2.64% | 0.79% 
Pounds of ammonium sulphate per gross ton 
CORG iy a ti tatii so fete or crepe ot eee 0.6 3.7 Leo 
Per cent total coal nitrogen as ammonia..... 0.22% | 1.82% | 0.40% 
Pounds ammonium sulphate per gross ton 
GOB: Sparige cosas hire sie chins cteac aan ole Ree 0.4 2.3 0.7 


Monkhouse and Cobb (220), with the idea of minimizing dissocia- 
tion, next determined if any more ammonia could be obtained from the 
low temperature coke by heating it in stages to 800°C., as compared 


NITROGENOUS AND OTHER BY-PRODUCTS 183 


to heating it directly to 800°C., in an atmosphere of nitrogen. The 
results indicated that the ratio of ammonia to free nitrogen was 
slightly greater in the multi-stage heating than in direct heating, 
so that there was some little reduction of dissociation. 

Monkhouse and Cobb (220) also reheated the cokes obtained by 
them at different temperatures in an atmosphere of hydrogen, 
thereby obtaining a distinctly different result from the use of nitrogen. 
Table 96 gives the results of heating the 500°C. and 800°C. cokes in 
stages to 1000°C. in the presence of hydrogen and Table 97 gives a 
nitrogen balance for the same conditions. The 1100°C. coke was 
heated in hydrogen up to 1000°C., but no ammonia whatever was 


TABLE 97 
Nitrogen balance after reheating coke to 1000°C. in hydrogenous atmosphere 


ITEM 500°C. coxn 800°C. coxn 
Calculated to coke total nitrogen: per cent per cent 
Nitrogen as ammonia on reheating............... 34.2 3.9 
Nitrogen in coke residue...... sheer caret STN 28.2 59.0 
Free nitrogen and unaccounted for.............. 37.6 37.1 
Calculated to coal total nitrogen: per cent per cent 
Nitrogen removed by coking...................- 21.6 49.7 
Nitrogen as ammonia on reheating............... 26.8 2.0 
Nitrogen in coke residue................00.000005 227 29.7 
Free nitrogen and unaccounted for............... 29.5 18.6 


evolved. The nitrogen remaining in the 500°C. coke, after treatment 
up to 1000°C., was 0.65 per cent and that remaining in the 800°C. 
coke was 0.84 per cent. 

The illustration in Fig. 47 shows graphically the difference between 
the effect of nitrogen and hydrogen atmospheres on the production 
of ammonia by reheating the low temperature coke to drive off the 
nitrogen. At 1000°C., in an atmosphere of nitrogen, the ammonia 
recovery ceased to increase appreciably with rising temperature, due 
doubtlessly to the increased rate of dissociation. The marked 
influence of an hydrogenous atmosphere on the yield of ammonia is 
seen by the fact that, when the low temperature coke was reheated 
at 1000°C. in an atmosphere of hydrogen, 34.2 per cent of the nitrogen 
in the coke was recovered as ammonia, with 28.2 per cent of the 
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nitrogen originally present remaining in the coke residuum, as 
compared with 11.7 per cent recovered as ammonia in an atmosphere 
of nitrogen, with 60.4 per cent of the original nitrogen remaining in 
the coke after treatment. In all cases, the rate of ammonia recovery 
was more rapid when the various cokes were reheated at 800°C. 
than at either the lower temperature of 600°C. or at the higher tem- 
perature of 1000°C. If hydrogen aided the formation of ammonia 
in nitrogenous compounds evolved at the higher temperatures, it 
was rapidly decomposed. It is quite conclusive that hydrogen 
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Fig. 47. Evotution or AMMONIA FROM Low TEMPERATURE COKE IN 
ATMOSPHERES OF HYDROGEN AND OF NITROGEN 


exerted on the coke a specific action which favored the formation of 
ammonia, as compared with the indifferent action of such inert 
atmospheres as nitrogen. 

One remaining phenomenon has its influence on the quantity of 
ammonia yielded. That is what has been called the secondary 
production of ammonia by the action of hydrogen gas on the in- 
candescent coke. Tervet (222), in his experiments, passed a current 
of hydrogen over incandescent coke and found that the ammonia 
yield was increased 100 per cent. The action of hydrogen on the 
soft coke is such as to attack the nitrogen which it contains and to 
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form increased quantities of ammonia. Hydrogen did not attack 
hard coke at all and the effect on medium coke was much less pro- 
nounced than when the soft variety was used. A yield as high as 
94 pounds of ammonium sulphate per gross ton was reported upon car- 
bonizing the charge of soft coke slowly at 1000°C. in an hydrogenous 
atmosphere. It seems probable, therefore, that, over the range 
500°C. to 800°C., hydrogen gas has a specific action capable of liberat- 
ing additional quantities of ammonia, as well as of acting as a pre- 
servative of the ammonia otherwise formed. 

Steaming. The use of steam during carbonization is well known to 
increase greatly the yield of ammonia in high temperature processes, 
but its effect in low temperature methods is questioned among the 
authorities. The Fuel Research Board maintains that here again 
the principal function of the steam is to sweep the retort clean of 
gaseous products, thus removing the ammonia as quickly as possible 
from the conditions favorable to its decomposition. They maintain 
that little or no increase in nitrogen, evolved as ammonia, can be 
expected through the use of steam in low temperature processes, 
although in coals of low moisture content it might assist in the 
recovery of small quantities of ammonia which would remain un- 
condensed and make scrubbing necessary. We have already seen in 
Table 43 the influence of increasing percentages of steam on the 
analyses of low temperature gas, the nitrogen content being decreased 
from 13.8 per cent in dry distillation to 7.6 per cent when 20 per cent 
steam was passed into the retort. This reduction in free nitrogen 
in the gas doubtlessly arises from a reduction of the thermal dis- 
sociation of ammonia. 

Porter and Ovitz (96), in comparing the yield of ammonium sul- 
phate obtained from dry and moist coals, substantiated the opinion 
of the Fuel Research Board that high moisture content increases the 
efficiency of ammonia recovery. They found that, when computed 
upon a basis of dry coal, a yield of 25.3 pounds of ammonium sulphate 
was obtained per gross ton of dry coal, as compared with 26.9 pounds 
of ammonium sulphate, recovered when the same coal was carbonized 
while moist. 

The experiments of Mott and Hodsman (217) demonstrated that 
the presence of 25 per cent steam at 850°C. completely prevents dis- 
sociation of the ammonia, which ordinarily is completely decomposed 
at a temperature 50°C. lower. At 785°C. they found that 72 per cent 
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of the ammonia ordinarily dissociated, but with 12.5 per cent water 
vapor only about 8 per cent decomposed. 

Davis and Parry (97), using Pennsylvania coal of the Freeport bed, 
found that the use of 88 per cent steam during carbonization at 
550°C. increased the yield of ammonium sulphate 43 per cent. The 
variation of ammonium sulphate yield at various temperatures under 
steam distillation, as determined by them, is given in Table 98. At 
550°C. without steam, they obtained only 10 pounds of ammonium 
sulphate per net ton, the gas evolved containing 8.2 per cent nitrogen 
and 1.9 per cent nitrogen remaining in the coke. 

It is seen in Fig. 46, from the experiments of Mott and Hodsman 
(217), that when one per cent to 2 per cent ammonia was passed 
through the reaction chamber in an atmosphere of coal gas, containing 
1.2 per cent oxygen, the oxidation amounted to about 17 per cent at 


TABLE 98 
Temperature variation of ammonium sulphate yield under steam distillation 


TEMPHDRATURE 
PRODUCT 


475°C. 550°C. 650°C, 
Ammonium sulphate per net ton...| 4.5 pounds |10.0 pounds |18.3 pounds 
Nitrogen in gas evolved............ 16.7% 8.2% 2.1% 
Nitrogen remaining in coke........ 2.0% DAG 2.0% 


700°C. and to about 41 per cent at 750°C., whereas, when oxygen-free 
coal gas was used the decomposition was 18 per cent and 61 per cent 
at the corresponding temperatures. At first sight, this appears 
astonishing, but reflection shows that in every case where oxygen was 
present in the coal gas it had entirely reacted with the hydrogen and 
hydrocarbons to form water, which undoubtedly exerted an inhibitory 
effect on the ammonia decomposition, it having already been demon- 
strated that under such conditions the oxidation of ammonia is pre- 
vented by the preferential oxidation of the hydrogen and the hydro- 
carbons. When a mixture of coal gas and hydrogen, containing 
about 3 per cent moisture, was used, the inhibitory effect of water 
vapor was even more marked than in the case of an atmosphere of 
air, as shown by the two upper curves in Fig. 44. At 700°C., the 
presence of 3 per cent water vapor reduced the ammonia decomposi- 


NITROGENOUS AND OTHER BY-PRODUCTS 187 


tion from about 17 per cent to about 3 per cent and at 800°C. from 
about 95 per cent to about 38 per cent. The reduction in the time 
of contact, through presence of the steam, could account for a differ- 
ence of only about 2 per cent. 

Monkhouse and Cobb (220), having ascertained that reheating 
the 1100°C. coke in dry hydrogen up to 1000°C. was without effect in 
removing the nitrogenous material of the coke in the form of am- 
monia, investigated the influence of using a mixture of steam and 
hydrogen, the former being present to the extent of 65 per cent. The 
results are shown in Fig. 48, from which it is seen that the presence of 
moisture caused a slow but steady evolution of ammonia up to 800°C. 
At 1000°C. the evolution of ammonia increased greatly, doubtlessly 
because of gasification, according to well established principles of 
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Fig. 48. EvouutTion or AMMONIA FROM HIGH TEMPERATURE COKE IN AN 
ATMOSPHERE OF HYDROGEN AND STEAM 


ammonia production with excess steam, as used in the Mond system. 
It has been stated that, in such reactions, the carbon-nitrogen ratio 
of the fuel remains constant during gasification, which demonstrates 
that the production of amnonia in gasification processes with the use 
of steam is accompanied by simultaneous consumption of the carbon 
surrounding the nitrogenous materials. 

The successive action of nitrogen, hydrogen, and steam was tried 
on low temperature coke to ascertain how far the nitrogen remaining 
in the coke from one treatment could be removed by application of 
gaseous atmospheres of more specific action. The experiments were 
made on 500°C. low temperature coke at a reheat temperature of 
800°C. Heating was continued with each gaseous atmosphere until 
the evolution of ammonia practically ceased. Two curves, giving 
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the results of these experiments, are reproduced in Fig. 49, one for 
successive heatings with nitrogen, hydrogen, and steam, and one 
for only nitrogen and steam. At the end of the nitrogen stage, 
10.1 per cent of the coke nitrogen had been yielded as ammonia; 
19.6 per cent was evolved as free nitrogen; and 70.3 per cent remained 
in the coke residuum. When hydrogen was then introduced, an 
additional 32 per cent of the nitrogen was gasified, of which 31.0 
per cent appeared as ammonia, the decomposition being practically 
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Fig. 49. EvoLuTion or AMMONIA FROM LOW TEMPERATURE COKE BY 
Successive Heating at 800°C. In Various ATMOSPHERES 


nil under these conditions. Steam, diluted with 37.5 per cent ni- 
trogen, was next admitted to the retort. Due to the water gas 
reaction, the quantity of gas yielded in this case exceeded that of the 
gas admitted, in fact, when the experiment was discontinued, it was 
found that this reaction had progressed to complete gasification, so 
that only the coke ash remained. In this final stage 38.3 per cent 
of the nitrogen originally present in the coke was removed, 38.1 
per cent being ammonia and the rest free nitrogen. It is clearly seen 
that large additional quantities of the coke nitrogen can be removed 
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by heating in atmospheres of hydrogen and of steam after treatment 
in nitrogen and, furthermore, that removal of the ammonia in hy- 
drogenous and steam atmospheres is accompanied by very little de- 
composition. The latter is attributed to the fact that the ammonia 
present was so diluted by the other gases that equilibrium was not 
attained. Very little ammonia would have survived at 800°C., if 
equilibrium conditions at that temperature had been reached. Asa 
matter of fact, the concentration of ammonia, itself, plays a more 
important part than that of either hydrogen or nitrogen on the rate of 
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Fig. 50. Evotution or AMMONIA FROM LOW TEMPERATURE COKE HEATED 
SUCCESSIVELY AT VARIOUS TEMPERATURES 


ammonia decomposition at a given temperature, the rate of decom- 
position being higher, the higher the concentration. Fig. 49 also 
shows the effect of omitting the hydrogen stage, the same amount of 
ammonia being obtained by this procedure in 40 hours of treatment 
as was removed in 240 hours when the hydrogen stage was introduced. 

In a later research, Monkhouse and Cobb (221) investigated the 
use of hydrogen and steam in obviating the formation of free nitrogen, 
instead of ammonia, when the same cokes as used before were heated. 
Fig. 50 shows the effect of reheating 500°C. low temperature coke in 
40-hour stages in two gaseous atmospheres. The steam contained 
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40 per cent nitrogen as the carrier gas. After 40 hours of heating in 
the presence of steam at the final temperature, only ash remained, 
the carbon having been completely gasified. At the end of the 800°C. 
stage, 9.1 per cent of the nitrogen originally present had been evolved 
as the uncombined gas when hydrogen was used, as compared with 
only 1.7 per cent at the same temperature, when steam was used, 
practically no dissociation of ammonia occurring in the latter case. 

A careful examination of Fig. 50 shows that, whereas the evolution 
of ammonia in hydrogen ata given temperature had a gradually 
declining rate as time went on, the evolution of ammonia in steam 
proceeded at a constant rate after the initial rapid evolution at the 
beginning of each temperature stage. In the former case, the 
curves are logarithmic in shape, while in the latter case, they are 
hyperbolic. As the temperature is increased at each stage, there is 
an initial large evolution of ammonia which accompanies the tem- 
perature rise, even in an inert atmosphere. Simultaneously, there is 
taking place a gasification of the coke carbon by the water gas 
reaction, which is of secondary importance at the beginning of an 
increased temperature stage, but which ultimately becomes the 
controlling reaction and accounts for the characteristic linear portion 
of the steam atmosphere curve. In Fig. 51 is shown an enlarged 
curve of the lower part of Fig. 50, being the evolution of ammonia 
from low temperature coke at 600°C. in various atmospheres. It is 
seen that, due to the characteristic shape of the steam curve, it falls 
below that of hydrogen for the first 35 hours of heating at this 
temperature. At temperatures above 700°C., the steam curve will 
fall entirely above the others, as the temperature becomes more 
favorable to the water gas reaction. 

An experiment, conducted by Monkhouse and Cobb (221) on the 
use of nitrogen, saturated with 63 per cent steam, in effecting the 
removal of nitrogen from 1100°C. high temperature coke, showed 
that, when the reheat temperature was 800°C., only 1.36 per cent 
of the coke nitrogen was removed, whereas 95.4 per cent evolved as 
ammonia at 900°C. After about 90 hours treatment, 10 hours of 
which were at 800°C., 70 hours of which were at 900°C., and the 
remaining 10 hours at 1000°C., 97.3 per cent of the coke nitrogen was 
removed as ammonia and 2.7 per cent as free nitrogen. The libera- 
tion of ammonia from high temperature coke, in the presence of steam 
at a given temperature, was much slower than from low temperature 
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coke, due to the great reactivity of the 500°C. coke and to its ease of 
gasification. 

Sulphur Distribution. Analyses of many coals of the United States 
by the United States Bureau of Mines, as compiled by. Fieldner, 
Selvig, and Paul (210), show that the amount of sulphur present 
ranges from as low as 0.11 per cent, in the case of a sample from 
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Fia. 51. EvoLutTion or AMMONIA FROM Low TEMPERATURE COKE IN VARIOUS 
ATMOSPHERES AS A FUNCTION OF TIME 


Alaska, to as much as 11.68 per cent, for a specimen from the roof 
of a vein in Colorado. A great many of the bituminous coals of the 
United States have from 0.5 per cent to 4.5 per cent sulphur, the 
average sample containing approximately 2.0 per cent. The dis- 
advantges of high sulphur content in coke are well known. When 
used for domestic purposes, the fumes, liberated upon combustion, 
are objectionable to smell and are injurious to property. When 
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coke is completely gasified, the sulphur again presents the same 
difficulties, for it appears as hydrogen sulphide in the gas. We have 
already seen in Table 32 and Table 33 that, even at temperatures as 
low as 450°C., considerable quantities of sulphuretted hydrogen may 
be found in the gas from low temperature distillation. 

Both inorganic and organic sulphur occur in coal. The inorganic 
sulphur is present mostly in combination with iron, either as pyrites 
or as marcasite, both of which have the same chemical formula. 
The former usually predominates. Free sulphur is occasionally 
found and also small quantities of sulphates. The organic sulphur 
had its origin in the protein of the plant and animal life of which coal 
is the degradation product, according to the theory discussed in 


TABLE 99 
Distribution of sulphur among different classes of compounds 


COAL SAMPLE 


CONSTITUENT 


per cent per cent per cent per cent 


IReRINIG SU olkUreen sce naeeitn 0.34 0.16 0.77 0.50 0.10 
Humous sulphurss..is.2: cies cee 0.87 0.51 0.70 0.95 0.45 
Sulphate sulphur. cae gee. cae 0.05 0.25 1.31 0.31 0.01 
Pyritic Sulphiree gies emcees 0.85 0.31 2.06 1.36 0.29 

Total sulphurieneeaeeeeercece 2-11 1.23 4.84 3.12 0.85 


Chapter I, under the subject of the origin of coal. Powell and Parr 
(223) examined a number of different coals to ascertain the distribu- 
tion of sulphur between inorganic and organic compounds. They 
found sulphur in both the resinic and humous bodies, whose proximate 
analyses were given in Table 4, and whose extraction has been dis- 
cussed in Chapter I, under the subject of destructive distillation. 
On the average, the sulphur of coal is about equally distributed 
between organic and inorganic compounds. Table 99 gives the dis- 
tribution of sulphur among different classes of compounds, as de- 
termined by Powell and Parr (223). All the specimens were of 
Illinois coal, except sample No. 5 which was from Tennessee. 
The variation of the amount of sulphate which was present in the 
various samples is interesting, in view of the different ages of the 
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coals after mining. During storage, oxidation of the coal, as a 
whole, includes oxidation of the sulphur compounds, and the iron 
pyrites may oxidize to such an extent that, after two or three yéars 
standing, sulphate may become the major sulphur compound. The 
sulphur content of Sample No. 3 in Table 99 contained Jess than 0.01 
per cent sulphate, when freshly mined, as compared with 1.31 per 
cent, after standing two years in a flask. 

Thermal Transformations. When coal is carbonized, the sulphur 
divides between the volatile products and the solid residuum. The 
ratio of volatile to residual sulphur varies between wide limits, but 
remains fairly constant for a given coal. The factors underlying the 
volatility of the sulphur are not well known. Undoubtedly, certain 
constituents of the coal, other than the sulphur, have a marked 
influence in this respect, but probably the most decisive factor is the 
relative amounts of the different sulphur compounds that are present 
in the coal. The sulphur compounds in the volatile matter from 
distillation are largely in the form of hydrogen sulphide, or tiophene 
derivatives, while the residual sulphur in the coke is principally of an 
unknown organic nature with traces of sulphides. When the coke 
from coal Sample No. 4 of Table 99 was examined by Powell and 
Parr (223) they found that 1.37 per cent sulphur remained, of which 
0.30 per cent was sulphide and the rest organic. They found that 
the sulphate was entirely reduced, not to sulphide, but probably to 
form unknown organic sulphur compounds. The pyritic sulphur 
was totally decomposed, part being volatilized and part remaining as 
sulphide. Probably the resinic sulphur of the coal was left in the 
coke, but in a different form, while the humous sulphur was partly 
volatilized and partly left as residuum of changed form. 

Powell (224) extensively investigated the reactions of coal sulphur 
in the coking process. When mineralogical pyrite is heated, very 
little decomposition is observed at 500°C., but at 1000°C. it is entirely 
decomposed into equal proportions of free sulphur and sulphide 
sulphur. If moisture, or other hydrogen-yielding compounds are 
present, the free sulphur will be partially converted to hydrogen 
sulphide. When mineralogical pyrite is mixed with an equal amount 
of coal and heated to the same temperature, it is found that half 
of the total sulphur appears as ferrous sulphide, about half as much 
again is evolved as sulphuretted hydrogen, while the remainder is 
divided in the ratio of about two to one as free and organic sulphur, 
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respectively. It has been demonstrated by Campbell (225), and 
verified by Powell (224), that the ferrous sulphide residuum is pyr- 
rhotite, or magnetic sulphide of iron, which is not a definite chemical 
compound, but a solid solution of sulphur in ferrous sulphide. 

According to Powell (224), the total sulphur in the coal is the most 
important factor bearing on the sulphur content of the coke and a 
careful scrutiny of the percentage of organic and inorganic sulphur 
contents of the raw coal did not reveal any constant relation to the 
sulphur content of the coke produced therefrom. This practically 
nullifies any statement as to the relative importance of removing 
organic and pyritic sulphur before carbonization. 

Temperature Effect. The transformation of sulphur compounds at 
various coking temperatures was studied by Powell (224), who used a 
number of different coals. The results of his heating a Tennessee 
coal, containing 4.25 per cent sulphur, are given in Table 100, from a 
critical study of which, it is possible to draw a number of conclusions 
regarding the reactions undergone by the sulphur compounds during 
coking. From Table 100, it is seen that the pyritic sulphur is 
rapidly decomposed between 400°C. and 500°C. and that the sul- 
phates, which have gradually disappeared as the temperature in- 
creases, are almost entirely decomposed at 500°C. As the tem- 
perature advances, there is a gradual increase of sulphide sulphur 
in the coke and there is a gradually increasing proportion of volatile 
sulphur compounds found in the gas and tar. At first, the organic 
sulphur present in the coal varies inversely as the temperature, but, 
between 400°C. and 500°C., a radical change takes place with the 
formation of increasing amounts of organic sulphur, as the tem- 
perature of carbonization is further advanced. It is interesting to 
note from Table 100, that, from the region of low temperature dis- 
tillation to the region of high temperature carbonization, the only 
sulphur remaining in the coke is in the form of sulphides or of organic 
compounds. 

It should be noted, that, starting with an initial sulphur content of 
4,25 per cent at 500°C. 2.95 per cent sulphur remained in the coke and 
this was further reduced to 2.65 per cent at 1000°C. Gentry (226) 
has pointed out that the high temperature zone in processes of low 
temperature carbonization by partial gasification is largely re- 
sponsible for removal of sulphur in that type of retort, as compared 
with the ordinary externally heated designs. At the same time, there 
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is an increase in sulphur present in the tar and gas to counterbalance 
the decrease in this constituent of the coke. 

When Powell (224) heated Pocahontas, a West Virginia low sulphur 
bituminous coal, to 500°C., he found that the initial sulphur, con- 
sisting of 0.08 per cent pyne, 0.01 per cent sulphate, and 0.47 per 
cent organic sulphur, was transformed to a residuum with 0.01 per 
cent pyritic, 0.43 per cent organic, and 0.04 per cent sulphide sulphur, 
0.06 per cent of the sulphur volatilizing as hydrogen sulphide, and 
0.02 per cent distilling into the tar. At 1000°C., 0.27 per cent organic 
and 0.09 per cent sulphide sulphur was found in the solid residuum, 
while 0.17 per cent appeared as sulphuretted hydrogen and 0.03 
per cent was found in the tar. The difference in the transformations 


TABLE 100 
Effect of temperature on distribution of sulphur in Tennessee coal 


TEMPERATURE 


CONSTITUENT 


0°C. | 300°C. | 400°C. | 500°C. | 600°C. | 1000°C, 


per cent| per cent| per cent! per cent} per cent| per cent 


PvritiGrstlpalir ser aesccwe soos 1.75 | 1.75 | 1.42 | 0.31 | 0.00 | 0.00 
Sm phaterswlp hue tse sacre aslo = 0.71 | 0.55 | 0.44 | 0.01 | 0.01 | 0.00 
Organs sulphur sey. o.esges sce ee ols LEVON 632) tbls (SE 70 eleSvalldest 
Sulphide sulphur’ .....324..).....4+0. <5 0.00 | 0.13 | 0.44 | 0.93 | 0.82 | 0.84 
Hydrogen sulphide sulphur.......... 0.00 | 0.19 | 0.39 | 1.20 | 1.39 | 1.44 
ParssULDH ULM rate hotest seas ae seeks 0.00 | 0.00 | 0.05 | 0.10 | 0.16 | 0.16 


taking place among the sulphur compounds of Tennessee coal and of 
Pocahontas coal may be explained by the fact that the latter con- 
tained very little pyritic sulphur and practically no sulphate. Further 
results from the treatment of Pennsylvania coals from the Pittsburgh 
and Upper Freeport beds are reproduced in Table 101 principally for 
reference, as it will be observed that the transformations do not differ 
greatly from those taking place during the carbonization of Ten- 
nessee bituminous coal. 

Powell (224) next submitted a mixture of Joliet coking coal to 
study. This consisted of a mixture of 65 per cent Pocahontas, 20 
per cent Kentucky, and 15 per cent washed Illinois coals. The 
sulphur, which was present in the raw mixture, amounted to 0.82 
per cent, distributed as 0.26 per cent pyritic and 0.56 per cent organic 
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sulphur. After carbonization at 500°C., the sulphur in the coke 
consisted of 0.12 per cent pyritic, 0.44 per cent organic, and 0.08 
per cent sulphide, while the volatile products contained sulphur to 
the extent of 0.02 per cent in the tar and 0.16 per cent as hydrogen 
sulphide in the gas. At 1000°C., the residual sulphur was distributed 
as 0.49 per cent organic and 0.06 per cent sulphide, while the vola- 
tilized sulphur consisted of 0.02 per cent in the tar and 0.25 per cent 
as hydrogen sulphide. The general transformations in this mixed 
coking coal are the same as those already discussed. 

When an Indiana coal containing 1.38 per cent sulphur, distributed 
as 0.70 per cent pyritic, 0.03 per cent sulphate, and 0.65 per cent 


TABLE 101 
Effect of temperature on distribution of sulphur in Pennsylvania coals 


PITTSBURGH UPPER FREEPORT 
COAL : COAL 


CONSTITUENT Temperature 


0°C. | 500°C. | 1000°C.) 0°C. | 500°C. | 1000°C, 


per cent| per cent| per cent) per cent| per cent| per cent 


Pyrite, sul pmuUresn.eae ae yond aoe 0.79 | 0.382 | 0.00 | 0.47 | 0.33 | 0.00 
Sulphate-sulphurd sen). weet cet 0.23 | 0.00 | 0.00 | 0.07 | 0.01 | 0.00 
Organieisalphiinie ticeaeen sacar 0.70 | 0.74 | 0.98 | 0.67 | 0.58 | 0.66 
Sulphidessulphwur. sie ccs eiceeccianie 0.00 | 0.23 | 0.16 | 0.00 | 0.09 | 0.12 
Hydrogen sulphide sulphur.......... 0.00 | 0.38 | 0.53 | 0.00 | 0.17 | 0.40 


Lar sulphuric ences aes ae 0.00 | 0.05 | 0.05 | 0.00 | 0.03 | 0.03 


organic, was washed, the total sulphur then amounted to 1.18 per 
cent, allocated as 0.25 per cent pyritic, 0.03 per cent sulphate, and 
0.90 per cent organic. Powell (224), in comparing the results with 
washed and unwashed Indiana coal, concluded, first, that in the raw 
coal, where the inorganic sulphur predominated, a larger quantity of 
metallic sulphides are converted into the organic form than in the 
washed coal, and, second, that in the washed coal, where the organic 
sulphur predominated, more of the organic sulphur is decomposed 
into hydrogen sulphide than in the raw coal. 

These extensive investigations on the transformation of sulphur 
constituents of coal during carbonization establish five classes of 
primary reactions. First, there is the complete decomposition of the 
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pyrite and marcasite to ferrous sulphide, pyrrhotite, and hydrogen 
sulphide. This reaction reaches its maximum between 400°C. and 
500°C., but begins at about 300°C. and is complete at about 600°C. 
Second, there is the reduction of sulphates to sulphides, which is 
complete at 500°C. Third, the organic sulphur decomposes to form 
hydrogen sulphide. Fourth, a small part of the organic sulphur 
decomposes to form volatile sulphur compounds, which are collected 
in the tar. Fifth, a portion of the ferrous sulphide and pyrrohotite 
that is formed apparently enters into combination with the carbon 
to form organic sulphur compounds in the neighborhood of 500°C. 
This last reaction has also been noted by Parr (227). In addition 
to these five primary reactions, there are a few additional secondary 
reactions, such as the formation of hydrogen sulphide by the attack 
of hydrogen in the gas on the organic sulphur compounds and the 
reduction of hydrogen sulphide by red-hot coke to form carbon di- 
sulphide. Lewes (17) has already shown that carbon disulphide is 
never a primary decomposition product of the distillation of coal and 
Powell (224) concurs in this conclusion. 

Desulphurization. Powell (224) has shown that from one-fourth 
to one-half of the coal sulphur can be removed by washing and that 
there is a corresponding reduction of sulphur in the coke. However 
efficient this method of processing, Fraser and Yancey (228) pointed 
out that washing removes only a part of the sulphur that is present as 
pyrites, but does not eliminate the finely disseminated pyritic nor the 
organic sulphur. Besides washing, a number of methods have been 
proposed to desulphurize coke, all of which involve the elimination 
of sulphur compounds as volatile components or conversion of the 
sulphur to a soluble form which may be leached. To the first class 
belong such proposals as the introduction of steam, air, chlorine, 
carbon monoxide, and hydrogen during coking, while the second 
class involves the use of such addition agents as sodium chloride, 
sodium carbonate, and manganese dioxide. Most of these schemes, 
however, have never become commercial, because of cost or of in- 
efficiency in sulphur reduction. It has been pretty well shown, in 
the foregoing tables, that most of the sulphur remaining in the coke 
is inorganic in nature, so that any method of desulphurization must 
attack the sulphur-carbon compounds. 

Powell (229), noting the quantitative method for sulphur deter- 
mination of Oteha (230), in which nascent hydrogen was used to 
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attack the sulphur, studied the elimination of sulphur from coke by 
passing hydrogen through the coking mass. His first experiments 
were made on Pittsburgh coal, containing 1.72 per cent sulphur, 
distributed as shown in Table 101. This coal was first coked at 
1000°C. for 2 hours until no more sulphur was removed by carbon- 
ization, at which time the residuum contained 1.90 per cent sulphur, 
or 1.14 per cent referred to the raw coal. Pure hydrogen was then 
passed through the furnace for one hour, after which the coke sulphur 
was reduced to 1.55 per cent, or 0.93 per cent referred to the raw coal. 
A second experiment was made with the same coal by introducing the 
hydrogen from the beginning of carbonization. In this test the coal 
was heated at 500°C. for 2 hours and then at 1000°C. for 2 hours with 
the result that the sulphur of the coke was reduced to 0.86 per cent, 
or 0.52 per cent referred to the coal. 

The Upper Freeport coal of Table 101, containing 1.21 per cent 
sulphur, was also treated. When this coal was treated with hydrogen 
for 2 hours at 500°C., it was found that the coal pyrite was completely 
decomposed, whereas only about half had been destroyed without 
hydrogen, according to Table 101. The speed of pyrite decomposi- 
tion depends, not only upon the temperature, but upon the partial 
pressure of sulphur over it, so that, when the presence of hydrogen 
reduces this partial pressure, the decomposition becomes more rapid. 
As Table 101 shows that the pyritic sulphur would be destroyed in 
any event by thermal decomposition, the presence of hydrogen does 
not effect removal of this constituent from the coke, but merely 
permits its transformation to become complete at a lower tem- 
perature. When the Upper Freeport coal was treated at 500°C. 
for one hour and then at 1000°C. for one hour with slightly moist 
hydrogen, it was found that the coke contained 0.82 per cent of the 
original sulphur after the 500°C. stage and only 0.07 per cent after 
the 1000°C. stage. The distribution of sulphur after the 500°C. 
stage was 0.01 per cent pyritic, 0.01 per cent sulphate, 0.63 per cent 
organic, 0.17 per cent sulphide, 0.36 per cent evolved as hydrogen 
sulphide, and 0.03 per cent in the tar. These data should be com- 
pared with those in Table 101, which gives the sulphur distribution 
at the same temperature for the same coal when hydrogen was not 
used. Although the sulphur reduction at 1000°C. amounted to over 
90 per cent, the passage of hydrogen produced no effect on the 
character of the coke, which was of a rather fragile nature to begin 
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with. The desulphurizing action of hydrogen is due to its conversion 
of the organic sulphur compounds to sulphuretted hydrogen, which 
action is more vigorous at the higher temperatures. Monkhouse and 
Cobb (221), however, claim that when the pyritic sulphur is reduced 
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Fig. 52. EvoLuTion ofr HyDROGEN SULPHIDE FROM COKE BY PURGING AS A 
FuncTION OF TIME 


by heat to ferrous sulphide, it is not further necessary for the sulphur 
to form a carbon compound, but that it can be decomposed freely at 
1000°C. by hydrogen, the statement of Roscoe and Schorlemmer 
(231), as quoted by Powell (229), to the contrary notwithstanding. 
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Fig. 52 shows the amount of sulphur removed from Upper Freeport 
coal, as a function of the time, as determined by Powell (229). The 
illustration shows the results of purging with pure hydrogen gas, 
as well as with a by-product coal gas which was rich in hydrogen. 
For comparison, curves showing the elimination of sulphur as it 
ordinarily occurs during coking in by-product ovens and in primary 
distillation are given. Three hours of purging with by-product gas 
reduced the coke sulphur from 1.21 per cent to 0.34 per cent. When 
the Joliet coking coal mixture, already discussed in this chapter under 
the subject of temperature effect, was simultaneously coked and 
purged with hydrogen for 3 hours the coke residuum contained but 
0.29 per cent sulphur, as compared with 0.75 per cent sulphur when 
hydrogen was not used. 

Monkhouse and Cobb (221), while studying the liberation of 
nitrogen as ammonia from coal and coke, also determined the libera- 
tion of sulphur as hydrogen sulphide. Analyses of the coke ash has 
already been given under the discussion of the effect of nitrogenous 
and hydrogenous atmospheres on the oxidation and dissociation of 
ammonia. Analyses of the raw coal and the 500°C., 800°C., and 
1100°C. cokes which were tested were also given in Table 93, from 
which it is seen that the higher the temperature of carbonization, 
the less the percentage of initial sulphur that remains in the coke. 
Taking the sulphur in the coal as 100 per cent, that in the 500°C. 
coke and in the 800°C. coke was 56.4 per cent and 50.1 per cent 
respectively. 

Fig. 53 shows the result of treating 500°C. low temperature coke 
successively with nitrogen, hydrogen, and steam at 800°C. Com- 
parison of this illustration with that of Fig. 49, for the same set of 
experiments in the removal of nitrogen, shows a great similarity. 
In an atmosphere of nitrogen, the removal of sulphur is practically 
negligible, but in atmospheres of hydrogen and of steam the reaction 
of the sulphur to form hydrogen sulphide is far more sensitive than 
that of the nitrogen to form ammonia. The use of nitrogen removed 
one per cent of the coke sulphur and the hydrogen removed about 51.8 
per cent of the coke sulphur, whereas treatment with steam to com- 
plete gasification removed an additional 40.2 per cent of the total 
sulphur in the coke, amounting in all to 93.0 per cent, with the rest 
remaining in the ash and unaccounted for. When the experiment 
was repeated with omission of the hydrogen stage, only 53.7 per cent 
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of the coke sulphur was removed as hydrogen sulphide. When the 
hydrogen stage was omitted, apparently quite a portion of the coke 
sulphur was oxidized, the hydrogen sulphide and sulphur dioxide 
later reacting to precipitate sulphur as a white milk in the gas washers. 

Fig. 54 shows the result of heating the 500°C. low temperature 
coke to various temperatures in an atmosphere of hydrogen. A 
similar experiment up to 800°C. in an atmosphere of nitrogen resulted 
in only 0.8 per cent of the sulphur of the coke being liberated as 
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Fig. 55. Evotution oF HypRoGEN SULPHIDE FROM Gas COKE IN AN 
HyproGenous ATMOSPHERE AT VARIOUS TEMPERATURES 


sulphuretted hydrogen. Up to 800°C., the evolution of hydrogen 
sulphide from the low temperature coke in an hydrogenous atmos- 
phere was fairly steady, but at 800°C. it fell off rapidly. At 900°C., 
however, there was a rapid hydrogenation of the sulphur which fell 
off after about 20 hours treatment and could not be materially in- 
creased by raising the temperature to even 1000°C. Treatment in 
stages of 100°C., up to 800°C., removed 63.4 per cent of the coke 
sulphur as hydrogen sulphide in an atmosphere of hydrogen, as 
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compared with only 52.8 per cent when it was heated to 800°C. 
final temperature in a single heating stage, as seen from Fig. 53. 
After 200 hours of treatment and 1000°C. final temperature, 93.8 
per cent of the sulphur was removed from the coke as sulphuretted 
hydrogen. When next an atmosphere of steam was used in multi- 
stage heating of the 500°C. coke, only 66.4 per cent of the sulphur was 
finally obtained as hydrogen sulphide and only traces of sulphur 
were left in the ash, the remaining sulphur being unaccounted for. 
When the 1100°C. coke was heated up to 1000°C. in nitrogen and 
steam, only 60.6 per cent of the sulphur was evolved as hydrogen 
sulphide, although all was driven from the coke, two-fifths of that 


TABLE 102 
Sulphur balance for reheating 800°C. coke to 1000°C. 


ATMOSPHERE 


ITEM 


Hydrogen Nitrogen 

Calculated to coke: per cent per cent 
Sulphur evolved as hydrogen sulphide........... 46.2 0.5 
Sulphur-lett-mcokess...c<een s6 oct e ee ee 53.2 97.6 
Sulphur unaccounted for. .........--.-0.e00ee-e: 0.6 1.9 

Calculated to coal: per cent per cent 
Sulphur removed in coking.....................- 49.9 49.9 
Sulphur removed on reheating................... Bont 0.3 
SUlphrelen tet Cokes sp cmt oor ete ote nator 26.7 48.9 
Sulphur unaccounted=fors i. 2. sce ce ere tee 0.3 0.9 


evolved appearing up to 800°C., three-fifths at 900°C., and only a 
fraction of one per cent at 1000°C. 

The result of heating the 800°C. coke up to 1000°C. in stages with 
an atmosphere of hydrogen is shown in Fig. 55 and Table 102 gives a 
sulphur balance for these conditions, as well as for an atmosphere of 
nitrogen. From the sulphur balance and the illustration, it is patent 
that in a nitrogenous atmosphere very little sulphur in any form was 
eliminated from the coke. At 600°C. in an atmosphere of hydrogen 
very little sulphuretted hydrogen was removed from the 800°C. 
coke, but, at reheat temperatures of 800°C. and 1000°C., hydrogen 
sulphide was evolved at a fairly uniform rate for 8-hour periods of 
heating. 
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When coke, which was produced at 1000°C., was heated through 
these temperature stages in an hydrogenous atmosphere, the results 
noted in Fig. 56 were obtained. Only 25.3 per cent of the sulphur 
in the coke appeared as hydrogen sulphide when heated for over 16 
hours to a final temperature of 1000°C., about 76 per cent remaining 
in the coke. However, when steam was mixed with the hydrogen 
and passed over the coke, decidedly different results were obtained, 
as shown in Fig. 56. With the moist hydrogen atmosphere, very 
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little hydrogen sulphide was produced at 600°C., as before, but when 
the temperature was raised to 800°C., the evolution became rapid, 
decreasing after about 5 hours, but hydrogen sulphide was evolved 
in quantities, even beyond 12 hours of heating. Finally, when the 
temperature was increased to 1000°C., the evolution of hydrogen 
sulphide became voluminous, the elimination of sulphur being at the 
rate of about 11 per cent of that in the coke per hour of treatment. 

Monkhouse and Cobb (220) (221) noted two important differences 
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in the liberation of ammonia and of hydrogen sulphide from coke by 
hydrogen. In the first place, there was no loss of sulphuretted hydro- 
gen by thermal dissociation, as in the case of ammonia, and in the 
second place, hydrogen at 800°C. attacked the sulphur compounds in 
1100°C. hard coke, but not the nitrogen compounds. The first of 
these differences is explained by the fact that the dissociation equilib- 
rium of hydrogen sulphide is only 5.5 per cent dissociated at 750°C. ; 
15.6 per cent dissociated at 945°C.; and 30.7 per cent dissociated at 
1152°C. 


CHAPTER VI 


Processes OF Low TEMPERATURE CARBONIZATION 


Adaptability of Processes. As may be expected in any new in- 
dustry, and particularly in one where the public imagination has 
been fired by the potentialities of by-product recovery in a field 
where tremendous quantities of raw material are consumed annually, 
a number of the processes that have been proposed in the past for 
low temperature carbonization have been prima facie promotion 
enterprises. Most of the processes, however, which have been 
developed to effect primary distillation are creditable attempts to 
solve the problem, both technically and commercially. A number 
of the retorts, so designed, have failed for lack of adequate technical 
knowledge of the conditions underlying the art of low temperature 
carbonization. The absence of strong financial backing, an item of 
paramount importance in the inauguration of new industrial de- 
partures, where markets are unreceptive and where profits accrue 
largely from full-scale operation, has also been a contributory factor 
in the failure of a number of other processes. 

Aside from laboratory experimental apparatus, with daily through- 
puts of several hundred pounds of coal, many retorts have been 
built which are capable of handling from 5 tons to 25 tons of coal 
per day. Several plants have been erected with a daily capacity 
of over 100 tons of raw material. In one case, a low temperature 
carbonization plant with a throughput of 500 tons of coal per 24 
hours was erected and several of about this same capacity are now 
(1928) under consideration. 

In all, the author has investigated over one hundred and seventy- 
five different processes for the low temperature carbonization of 
carbonaceous materials and Brownlie (233) states that there are at 
least seventy-five more, of which he has selected fifty as typical of 
the application of low temperature methods to the processing of 
bituminous coal. The literature, past and present, abounds with 
methods for the treatment of brown coal, lignite, peat, shale, oil 
sands, wood, and other materials, rich in distillable hydrocarbons, 
for the recovery of oils, gas, or carbonaceous residuum, as well as for 
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No process of low temperature carbonization is applicable to all 
raw fuels, both with regard to type and to physical condition. Some 
retorts are operative with non-coking materials, but not with coking 
materials; some will function with low grade materials, such as shales 
and lignites; while others are restricted to particular-coals or to 
blended charges. As regards physical condition, some processes 
require a pulverized raw material, some use briquets, and some merely 
crush the coal to suitable size. There is a corresponding variation 
in the physical condition of the carbonization residuum, as delivered 
from the low temperature retort, but this, of course, is a function 
of three variables, the initial physical condition of the charge, the 
fuel type, and the manner of distillation. Some processes deliver a 
semi-coke which is suitable only for pulverization as a power char 
or for briquetting; others give a material fitted for a variety of 
purposes after sizing, including a domestic size which is adapted to 
household fuel. 

Finally, no method of low temperature carbonization is adapted to 
give maximum yields of all the products of distillation. This same 
statement applies also to the quality of the products. Some retorts 
are particularly adapted to the production of a high calorific coal gas; 
others are suitable for the recovery of oils; some strive for domestic 
fuels and artificial anthracites; and, finally, there are those which 
propose to extract the valuable by-products in the preparation of 
boiler fuel. In every case, therefore, it is seen that the selection of a 
process of low temperature carbonization, or the design of a retort to 
attain that end, is not a matter of simple consideration, but one 
which, at best, is a compromise and requires considerable prior 
knowledge. 

Classification of Processes. The simple classification of low 
temperature carbonization processes is a difficult matter, because 
of the numerous processes and their complex nature. Simple com- 
parisons could be made with regard to motion, in which the retorts 
are found to be static or dynamic; in relation to position, in which 
they may be horizontal, vertical, or inclined; in regard to method of 
heating, in which the charge may receive its heat internally or 
externally; upon the subdivision of the charge, in which the processes 
may involve pulverization, crushing, or briquetting; upon operational 
procedure, in which the retorts may be single or multi-stage processes; 
upon the bases of heat transfer, involving the principles of car- 
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bonization in thin layers by heat conduction, or by convection; and, 
finally, upon any generalized point of difference of sufficient import 
to become the basis of classification. Hardly any low temperature 
process can fall in only one of these simple categories, so that more 
than one point of difference must be considered in any attempt to 
reach a satisfactory classification. 

Possibly the best classification of low temperature carbonization 
processes has been given by Fieldner (233) and is reproduced here- 
with: 


Classification of Low Temperature Carbonization Systems 


A. Externally heated retorts. Coal in thin layers, not stirred. 
1. Vertical layers of coal in narrow retorts. 
2. Horizontal thin layers of coal. 
B. Externally heated retorts. Coal stirred in contact with heated 
surfaces. 
1. Vertical retorts. 
2. Horizontal retorts. 
a. Stationary retorts with internal stirrers. 
b. Rotating cylinders. 
3. Retorts with coal stirred on a flat heated surface. 
C. Internally heated retorts. Coal in direct contact with hot fluids. 
1. Hot gases generated by air or steam blown into the retort. 
a. Coal charged in lumps or briquets. 
b. Coal charged in pulverized form. 
c. Complete gasification. 
2. Hot gases or vapors generated outside the retort. 
a. Combustion products. 
b. Producer gas. 
c. Water gas. 
d. Coal gas. 
e. Superheated steam 
f. Combinations of the foregoing. 
3. Melted lead in contact with coal. 
D. Two-stage carbonization to control the sticking properties of coal. 


This classification, however, is not the last word in the matter, 
for, obviously, no provision is made for processes involving the 
carbonization of pulverized coal by radiant heat; multi-stage processes 
may include either or both internal and external heating; and no 
distinction is made between intermittent and continuous operation, 
as well as in regard to other distinctive points of difference. 

In the final analysis, every low temperature carbonization process 
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has its points of novelty, is gifted with certain advantages, and is 
confronted with its own peculiar operating difficulties. It is beyond 
the scope of this book to enter into a comprehensive exposition on the 
numerous low temperature retorts, but certain processes which are 
considered representative of an outstanding type and which have been 
fully tested in operation will be discussed. 

Carbocoal-McIntire Processes. The Carbocoal process was 
based upon the patents granted to Smith and was developed by the 
International Coal Products Company. Under the financial support 
of the United States Government in 1918, a large plant, with a daily 
capacity of 575 tons of raw coal, was erected at Clinchfield, Va., by 
the Clinchfield Carbocoal Company. The data necessary for the 
design of this plant were secured from the operation of a semi- 
commercial plant at Irvington, N. J., from as early as 1915. Operat- 
ing difficulties, however, together with changing economic conditions, 
culminated in discontinuance of the Clinchfield plant in the latter 
part of 1922. The patent rights were acquired by the Consolidated 
Coal Products Company, who erected a large-scale experimental 
plant at Fairmont, W. Va., where the Carbocoal process has been 
further developed and greatly improved by McIntire. 

The Carbocoal (189) process is a multi-stage system, involving 
primary carbonization in externally heated horizontal retorts in 

‘which the coal is stirred by paddles; briquetting of the primary char; 
and secondary carbonization of the briquets in an externally heated 
inclined retort. The Clinchfield plant consisted of a total of twenty- 
four primary retorts grouped into four batteries, as shown in the 
frontispiece, and thirty secondary ovens arranged in ten benches. 
One point of novelty to be noted in this system is that it combines 
the methods of both low and high temperature carbonization to 
obtain a high yield of oil from the former and to produce an an- 
thracised briquet from the latter. A very good description of the 
Carbocoal process, its development and operating difficulties, has 
been given by Curtis (213) and his associates. 

The primary Carbocoal retort, used at Clinchfield, is shown in 
Fig. 57. A screw conveyor fed the crushed raw coal to the car- 
bonization chamber, which was of cardiodal cross-section and built 
of carborundum shapes which were supported on fireclay saddles. A 
combustion flue surrounded the muffle and two rows of ten burners _ 
heated the flue from below. The entire retort rested upon two heat. ihe 
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recuperators in which the combustion air was preheated before 
being introduced to the burners. Two cast steel shafts, equipped 
with revolving paddles set at an angle, served to transport the charge 
to the delivery end and to stir the coal during coking, thus bringing 
fresh material in contact with the hot sole of the muffle and allowing 
volatile matter, entrapped within the mass, to escape. When 
primary carbonization was complete, the semi-coke was pushed into a 
discharge chute, at the bottom of which it was crushed by breaker 
arms, and finally delivered by means of a spiral extractor through a 
water seal to a continuous conveyor. The volatile products driven 
off during distillation collected in the crown of the muffle and were 
removed from the carbonization chamber through a gas offtake and 
scrubber standpipe at the discharge end. The muffle end plates 
were suspended by springs from the top to provide for heat expansion. 
The muffle of this retort was about 7.3 feet in maximum width and 
16 feet long, while the over-all dimensions were roughly 27 feet high, 
12 feet wide, and 37 feet long, including machinery, recuperators, 
etc. The primary retorts were operated at a temperature of about 
760°C. and about 3.5 hours were required for carbonization, giving a 
normal capacity of about 20 tons per 24 hours per retort. 

The semi-coke was received from the primary retort in the form of 
black, friable, irregular lumps which were prepared for briquetting 
by crushing to $ inch mesh while hot. The briquets were formed 
in a roll press, using hot pitch, obtained from fractionation of the low 
temperature tar. This stage yielded a hard dense briquet, suitable 
for a fuel, but it was not smokeless because of the tar which was 
introduced for binding purposes. Accordingly, the raw briquets 
were delivered to the secondary retort for further treatment. 

The secondary Carbocoal retort is illustrated in Fig. 58. The 
selection of an inclined oven for this purpose depended upon its ease 
of charge and discharge, together with reduction of excessive breakage 
by elimination of the weight of thick layers of the briquets them- 
selves. The secondary retort was charged with raw briquets at the 
upper end and, after carbonization, the finished briquets were dis- 
charged into a quenching car at the lower end. An inclined hori- 
zontal partition divided the retort into two carbonization chambers 
in order to reduce the crushing pressure until the briquets had been 
thoroughly hardened by heat. The distillation gases were removed 
from the crown of the oven at the lower end by a standpipe connected 
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with the hydraulic main. The oven was heated externally on each 
side by vertical flues, fired from burners located in the crown. The 
combustion gases passed downward through a heat recuperator, which 
supported the carbonization chamber and in which the combustion 
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air was preheated. Each of the two carbonization chambers was 
approximately 14 inches wide, 4 feet high, and 25 feet long. The 
secondary retort was built of silica brick and measured about 45 feet 
high, 4 feet wide, and 40 feet long in over-all dimensions. The 
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secondary retort operated at about 980°C. and approximately 8 
hours were required for distillation. The finished briquets were 
delivered as a hard silvery product, being reduced in size about 25 
per cent through shrinkage. 3 

The additional equipment at Clinchfield consisted of a very ex- 
tensive by-product recovery plant for extraction of light oil and 
ammonia from the gas and for the condensation of primary tar. 
There was also provided a complete tar distillery for fractionating 
the low temperature tar. 

A very great number of different coals, from all over the world, 
were tested in the Carbocoal process. Table 103 gives the ultimate 


TABLE 103 
Proximate analyses of raw coal and Carbocoal briquets 


HIGH EEDIUM 

CONSTITUENT VOLATILE VOLATILE 
coAL coAL 

Analysis of coal: per cent per cent 
IMIGISTUN Cerrar te act eKrriae ais ann 2 cist ee a 4.5 2.3 
Wolatilenmattersnetrmase ce nceci ccc chee aan eee 37.4 24.6 
TEMS eK lt erN ovo) Mee uote ck RI IE eI Ooi tat ciaet 47 .4 55.8 
JARI, Chae Recon Ge tee Od cee ce alta ER I eee 10.7 17.3 

Betauemper pOumdn (Cry ea awn uccwseres vant. setae bers oe 13, 483 12,462 

Analysis of Carbocoal briquet: per cent per cent 
Wo lapileamma tbenor cre smcacsie tinersia ces corte hia v mises 4.4 4.5 
HIRCGROAIHON cori cra visies ss nwa a dee tenk ieee tle 72.2 
INE Desa: Seochoks Be OORT Bir oer Re OER REI CI CTR eRe eis 17.9 23.3 

etre POLO unsGn (OTY:) ha scsiedsjoi ausite-<l Seo iece ee euascleoeane 11,551 11,358 


analyses of two coals which were carbonized by this method, as well 
as the analyses of the corresponding Carbocoal briquets. The high 
volatile sample of bituminous coal was from Ohio, while the medium 
volatile specimen, with high ash, was from England. Analysis of 
another sample of Carbocoal has already been given in Table 78. 
These analyses should be compared with those of Table 1 to see how 
nearly the raw bituminous coal was converted to a fuel resembling 
anthracite. Reference has been made in Chapter IV, under the 
subject of power char, to tests made on the use of these briquets as a 
fuel for locomotives and for marine boilers. f 

The primary and secondary yields from carbonization of the coals 
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given in Table 103 are tabulated in Table 104, where it is to be ob- 
served, as expected, that the high volatile coal was the richest in 
by-products. Space does not permit a detailed discussion of the 
character of the products, but certain particulars in this connection 
have been presented heretofore. In Table 62, the fractionation 
of a tar from the Carbocoal process has been given; in Table 72, the 
yield of crude light oil has been reported; and, in Table 50, the dis- 
tribution of various tar acids, as determined by Morgan and Soule 
(48), has been reproduced. A distillation analysis of Carbocoal tar 
was given in Fig. 24, while the phenolic content of the various tar 


TABLE 104 
Primary and secondary yields from Carbocoal process 


HIGH MEDIUM 
PRODUCT ; VOLATILD ‘ VOLATILE 
COAL COAL 
Primary yield per net ton coal: 
POUNGS SeMII=COKe a Wee at eda chtalels)s Miiate germei eee 1,234 1,396 
Grallonia "hry staircase ie lernennl aorarcnenane unten 33.4 16.3 
Pounds ammonium sulphate...................5 10.2 5.1 
CODICMCOT: PAS Wain eure ita niente cA, Seg New 3,622 2,552 
BB tadin per Cube LOOb ies wenc-cii a ae anay aloes onder ete 893 851 
Secondary yield per net ton coal: 
Pounds Carbocoal briquets.............0.+000000: 1,223 1,505 
Gree avetyCo bsithenys nips ale ac MMe iain Me ira erin NaN 5.4 7.5 
Pounds ammonium sulphate................0.00- 9.9 10.1 
Cubieweeti was tee mewdly ohn paige see ats 3,690 5,019 
BateulnpersCuplcCmOOus, amaennsiircte ein caer 379 348 


fractions was shown in Fig. 22, to which reference should now be 
made. 

It has been mentioned, that the Carbocoal retort was subsequently 
improved by McIntire (234) at Fairmont, W. Va. The MclIntire 
primary low temperature retort is shown in Fig. 59. It will be noted, 
that there are two distinct departures in this retort from the older 
design, apart from many minor improvements relating to accessibility 
of parts, method of heating, etc. In the first place, the costly car- 
borundum shapes were replaced by a corrugated metal semi-cylin- 
drical muffle floor, which is more durable, and gives better heat 
transmission. And, in the second place, the rotating paddles were 
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replaced by an oscillating shaft whose paddles sweep back and 
forward through the grooves in the muffle floor. The corrugations 
are cast in sections and are held together by tension produced with 
Springs, so that there is the utmost freedom for expansion, no bolts 
being used to hold the sections together. The floor of the retort is 
operated at 650°C., but the maximum temperature of the charge is 
about 455°C., while the temperature of the gas in the roof of the 
retort never exceeds 345°C. This retort is said to operate satis- 
factorily and, up to 1926, some 22,000 tons of coal had been suc- 
cessfully carbonized in it. 

Test results in this retort indicate that one net ton of Pennsylvania 
coal, from the Pittsburgh seam, containing 36 per cent volatile matter, 
yields 1,480 pounds of semi-coke, 31 gallons of tar, 2 gallons of light 
oil, about 10 pounds of ammonium sulphate and approximately 
3,000 cubic feet of gas, with a calorific value of 950 B.t.u. per cubic 
foot. The semi-coke contains 10 per cent to 14 per cent volatile. 
An analysis of the gas which is evolved from the McIntire retort, as 
determined by Fieldner (36), has been given in Table 6. 

MclIntire has conducted a number of experiments with a view of 
developing a satisfactory oven for the secondary carbonization of 
briquets, manufactured from the semi-coke discharged by the 
primary retort. A tunnel kiln and several internally heated retorts 
were built and abandoned. The carbonizer finally adopted consists 
of five superimposed horizontal retorts into which the briquets are 
charged. on trays by special machinery. The briquets are heated 
for 30 minutes, at a temperature of about 650°C., by radiation from 
the crown and sole of the retort. By this means, breakage is reduced 
to a minimum and carbonization is said to be complete. The 
carbonized briquets contain more volatile than the old Carbocoal 
briquets, 8 per cent to 10 per cent volatile matter being allowed to 
remain. 

Coalite Processes. We have already seen in Chapter I that the 
Coalite process is based upon patents issued to Parker (28) (29), one 
of the pioneers in low temperature carbonization. Some of these 
patents were granted as early as 1890, but real progress was not made 
until 1906, when he introduced the principal of carbonization with 
superheated steam. The processes are controlled by Low Tem- 
perature Carbonization, Ltd., the successor to several other com- 
panies engaged in its development. The Coalite retorts are all 
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static, externally heated processes, involving carbonization in thin 
layers. 

After Parker’s initial experiments, The Eticoal Syndicate erected a 
plant at Barugh, near Barnsley, England, with a daily capacity of 
about 50 gross tons of coal. The installation consists of thirty-two 
retorts, each composed of a single iron casting, containing 12 vertical 
tubes in a nest of two rows. The tubes are 9 feet long and taper 
from 4.5 inches in diameter at the top to 5.5 inches at the bottom. 
The casting is mounted in a firebrick flue and supported over a 
discharge chamber, provided beneath for each two retorts. During 
distillation, the charge is retained within the tubes by top and bottom 
covers. The temperature of the retorts is maintained at about 
650°C., for approximately 4.5 hours, to carbonize the coal com- 
pletely. The semi-coke is finally rammed from the carbonizing tubes 
and allowed to cool in the closed chamber beneath the retort until 
the next charge is ready for removal. 

A test of the Coalite retorts at Barugh was conducted by the Fuel 
Research Board (235) and the yields obtained from the carbonization 
of Dalton Main, a medium caking coal, are given in Table 105, 
along with the yields indicated from an assay of the same fuel in the 
Gray and King assay apparatus, described under the subject of coal 
assay in Chapter I. The factors given in the table are the propor- 
tionality constants that must be applied to yields obtained in the 
standard laboratory assay apparatus in order to convert them to 
those expected with the same fuel from the Coalite retorts. 

The low temperature gas from the test had a calorific value of 765 
B.t.u. per cubic foot, before scrubbing, and 705 B.t.u. per cubic foot, 
after washing to remove 2.13 gallons of light oil per gross ton of coal. 
The yield of ammonium sulphate agrees with that reported by Arm- 
strong (212) in Table 88. Tests by Brittain, Rowe, and Sinnatt 
(125), on the distribution of phenols in Coalite tar, have been given 
in Table 50, while the percentage of bases in the various tar fractions 
was reported in Table 53 and the sulphur distribution in Table 54. 

In 1911, The British Coalite Company erected a plant of different 
design at Barking, near London. This plant consisted of twenty 
retorts with a daily throughput of 32 gross tons of raw coal. This 
is a wide narrow oven built of fireclay. It is 11.5 feet high, about 6 
inches wide, and is tapered in length from 2.5 feet at the top to 3.0 
feet at the bottom. A sliding door at the bottom and a hinged lid 
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at the top keep the retort closed during coking. After about 7 
hours of distillation, the coke is dumped into a triangular shaped 
cooling chamber beneath the setting, where it remains until the 
temperature is reduced below the ignition point, so that the semi-coke 
can be removed without combustion. 
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Fig. 60. Davipson Mopirication or Coauitr Retort 


The most recent design of the Coalite retort is a modification by 
Davidson (187) of the retorts at Barking, described above. Brownlie 
(236) has described a setting of 20 retorts of this description at 
Barugh, where the other setting of tubular retorts, previously de- 
scribed, is erected. With an operating temperature of about 650°C. 
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and a carbonizing period of about 8 hours, the maximum throughput 
of this setting is approximately 36 tons of coal per 24 hours. Fig. 60 
illustrates the Coalite retort, as modified by Davidson. It is built 
of firebrick with dimensions of 9.5 feet high, 7.5 feet long at the base, 
and 11 inches wide. The crushed raw coal is charged from twin 
hoppers at the top through a rotary valve. Just beneath the retort 
is a cooling chamber, shaped as a right angular sector and built of 
steel plate, provided with a water-jacket for cooling the coke. A 
cast-iron rocking cylindrical valve closes the bottom of the car- 
bonizing chamber and supports the charge during carbonization. 
Firebrick combustion flues and heat recuperators are placed in the 
bench between adjacent retorts. 

The most unique feature of this modification of the Coalite process 
is the mechanical device which facilitates escape of the gas during 


TABLE 105 
Test yields from Coalite retorts at Barugh 


PRODUCT PER GROSS TON DRY COAL DRY ASSAY FACTOR 
Roundsreoke 7s Piscuiew asian oeecenteruon 1,615 1,635 0.99 
Cubic feet Pas. .lnieres wamesecee ee a 5,930 4,105 1.44 
(CUI GHSEb ST ats ne des ee asa: Coe tes 22.9 33.5 0.68 
Pounds ammonium sulphate.......... 14.3 8.7 1.64 


coking and final discharge of the semi-coke. Two perforated cast- 
iron plates are connected by linkage and suspended within the 
carbonization chamber in a parallel position, so that the charge is 
separated into two thin layers, about 3.5 inches thick, against each 
side wall of the retort. The center of the retort is thus segregated 
into a gas-collecting chamber, about 4 inches wide, by the two per- 
forated plates. As the plastic layer of the charge moves to the center 
during coking, the low temperature gas finds an easy path through the 
cooler layers of the charge into the space between the plates, from 
which it is withdrawn at the top. When coking is complete, the 
linkage mechanism permits the plates to be collapsed so that, even 
though the charge may have swelled considerably during coking, it 
can be removed easily and dropped into the cooling chamber. 

It is said, that an average coal, containing 25 per cent to 35 per 
cent volatile matter, when distilled in the Davidson modified Coalite 
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retort at 550°C., yields per gross ton approximately 6,000 cubic feet 
to 6,500 cubic feet of 700 B.t.u. to 750 B.t.u. per cubic foot gas, 
without deduction for heating the retorts; about 24 gallons of oil, 
fractionating to 3.6 gallons of light oil, 9.6 gallons of Diesel oil, and 
9.6 gallons of lubricating oil; 15 pounds of ammonium sulphate; 
and 1,568 pounds of semi-coke smokeless fuel, containing 8 per cent 
to 10 per cent volatile matter. A proximate analysis of the semi-coke 
has already been given in Table 78. 

Freeman Process. This process bears the name of its inventor, 
Freeman, and is controlled by the British Oil and Fuel Conservation, 
Ltd. The Freeman retort belongs to the general class known as 
multiple retorts. It is an externally heated vertical carbonizing 
machine, in which the raw material is progressively distilled in thin 
layers upon rotating horizontal plates. This type of retort is suitable 
for non-coking and weakly coking coals, shales, etc., but soon plugs in 
operation with untreated sticky materials. 

According to Tupholme (237), the Freeman retort which was 
installed at Willesden, London, but now dismantled, was 27 feet 
high, about 5 feet in diameter, and consisted of six stages, as shown in 
Fig. 61. A central shaft carried a series of rotating disks, one to each 
distillation stage. The cast-iron shell of the retort formed alternate 
carbonization and combustion chambers, in such a way that the 
floor of each distillation zone was heated by gas burners from below. 
A small, annular, gas-collecting chamber was formed above each 
carbonization chamber and connected with it through perforations, 
so that the volatile products from each stage could be separately 
removed and condensed to effect partial fractionation of the oils. 

It will be seen from Fig. 61, that the crushed raw fuel is fed by a 
sprocket valve into the top of the retort, where it falls upon the first 
rotating disk. A set of stationary scrapers, not shown in the il- 
lustration, is fitted to the top of each carbonization chamber and a 
second set of moving plows, also omitted in the illustration, is fastened 
to the bottom of each rotating platform. The charge is thus raked 
from the center of each disk to the periphery, where it falls to the 
floor of the carbonization chamber. It is then carried back to the 
center of the retort by the rotating plows to be dropped, finally, 
through an annular passage onto the second rotating disk of the next 
distillation chamber. The material thus zig-zags its passage during 
coking from the top to the bottom of the retort. The semi-coke is 
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finally ejected in pulverulent form from the last chamber to a dis- 
charge table. 

The Freeman multiple retort at Willesden was tested by the Fuel 
Research Board (23), before being dismantled to make room for 
further experiments. The average temperatures, maintained in the 
various chambers during the tests, were approximately as follows: 
105°C. in the first chamber, 215°C. in the second chamber, 330°C. 
in the third chamber, 420°C. in the fourth chamber, 460°C. in the 
fifth chamber, and 500°C. in the sixth chamber. The first distillation 
chamber serves merely to preheat.and dry the coal, while the last 
chamber may be used, either as a heating or cooling stage, as desired. 


TABLE 106 
Analyses of coal and semi-coke from test of Freeman retort 


CONSTITUENT . KIRBY COAL BRYNNA COAL 
Coal analysis: per cent per cent 
IWLOIB GUT eaten fete ee eels ase DES 9.4 3.9 
Volatilermatbendircneic ccc cake sen sen ee 32). 32-2 
UKE CCH ED ONG ee ye buiicccR baits Weome cues ne eR 51.6 59.4 
TNH VS RW URIBE geo led (Sete enh edleNaB OND ARCA Ne Ae aya 6.9 4.5 
INE TOR ER ie Sc eal agate et Are a Ri eteee cr aL 1.36 1.07 
Semi-coke analysis: 
INIOISEUT Ere heli RRR tee iG aie hak tee oe eee oe a 3.7 1.8 
Molstile tania tiers ee ie aie ar ean actaully hana 10.6 14.2 
Hixedscarbonsevcuccocuanes isin ngnenree mone eaaM (Oud 79.2 
PC AROS ROY oR ATE SEAR mt UR ee aranS Re LR ar omen Siar 9.6 4.8 


Proximate analyses of two coals and the semi-coke produced there- 
from are given in Table 106. 

The Kirby coal given in Table 106 was typical of non-caking slack, 
while the Brynna gas coal was indifferently caking. The maximum 
temperature of carbonization was 500°C. in each case. The products 
yielded in the carbonization of these two fuels are given in Table 107. 
The coke was not incandescent when discharged, but it readily 
ignited, due to its extreme combustibility. It was too small for use 
as a domestic fuel, but was an excellent material for briquetting or 
pulverizing. It is interesting to note the low yield of ammonium 
sulphate, although Table 106 shows the coals to have contained 
sufficient quantities of elementary nitrogen to give a fair yield, 
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provided the temperature of carbonization was sufficiently high. 
This was apparently not the case, or else, such ammonia as was 
evolved, was rapidly decomposed. 

The figures given in Table 107 are based upon a gross ton of raw 
fuel as charged, which included 13.7 per cent moisture in the Kirby 
coal and 5.6 per cent in the Brynna coal. The gas from Kirby slack 
contained 10.9 per cent hydrogen and had a gross calorific value of 895 
B.t.u. per cubic foot, while that from the Brynna gas coal contained 
12.6 per cent hydrogen and had a gross thermal value of 978 B.t.u. 
per cubic foot. Comparison of the yields with those obtained from 
the Gray and King assay apparatus at the somewhat higher tem- 
perature of 600°C, showed the following conversion factors for 
Kirby slack: 0.89 for semi-coke; 0.51 for gas; 0.81 for tar; and 0.24 
for ammonium sulphate. The conversion factors for the Brynna gas 


TABLE 107 
Yield of products in test of Freeman retort 


PRODUCT PER GROSS TON KIRBY COAL BRYNNA COAL 
Moundsisemi=-COKC. once. cs.cc seta nem ioccnn es 1,700 1,715 
LO ZOTE CET, ASE hes ope coe Ny eNO a oe oye 1,990 1,830 
GallOn Sighs ces cos sinter utente eterna oaioaereten « s 24.7 23.8 
Gallons crude light spirit............0....20-..0005 1.03 1.24 
Pounds ammonium sulphate...............22.06- 3.6 1.8 


coal were: 0.95 for semi-coke; 0.53 for gas; 0.74 for tar; and 0.20 for 
ammonium sulphate. 

Fuel Research Board Processes. In 1917, the British Government 
provided for the organization of the Fuel Research Board, as a branch 
of the Department of Scientific and Industrial Research, and the 
establishment of a Fuel Research Station at Greenwich, London. 
This station, which was initially under the directorate of Beilby and 
later of Lander, was charged with the task, among other duties, of 
conducting experiments on the low temperature carbonization of coal 
and of testing such private plants as requested this service. A 
number of tests conducted under this latter function have been 
referred to under the discussion of individual processes, so that now 
only the experiments carried on for the purpose of developing opera- 
tive retorts will be dealt with. 
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The Fuel Research Board (114) inaugurated its work with the erec- 
tion of a battery of nine horizontal retorts of the type shown in Fig. 
62. After six years of satisfactory operation, all but two of these 
have now been dismantled to provide room for further experiments. 
The retorts were built of mild steel convex plates, riveted to two steel 
channels, which formed the sides. They were 9 feet long, 2.5 feet 
wide, and 5 inches to 7 inches deep. The gas offtake connected 
with the rear wall, while the front was closed by a self-sealing door. 
The crushed coal was placed in thin layers upon shallow metal trays, 
two of which were charged at a time to each retort. The trays were 
formed into a grid of 96 cells by vertical partitions, so that the coke 
was formed into briquets of convenient domestic size. All the retorts 
were set in a single heating flue and they were charged and discharged 


TABLE 108 
Yields from test of Fuel Research Board horizontal retorts 


PRODUCT PER GROSS TON Saran en ooke! ins a ee 
BEUN US *heMiaCO ke ater. eee.ce tcc casein ieienie 1,625 1,635 
Gabloratars ar acess artes Sees Ceres vis arate RI 19.8 20.4 
(CHING GEE eset dy civ a eats oars Coe IG eran 3,600 3,770 
Pounds ammonium sulphate....................- 3.6 


in an order which minimized the cooling effect produced by these 
operations. 

In these retorts, the maximum temperature was not allowed to 
exceed 600°C., under which condition from 3 hours to 4 hours were 
required for carbonization. The yield of products, obtained from 
carbonizing two coals, which yielded semi-coke of satisfactory 
coherency when distilled in the Fuel Research Board horizontal 
retorts, is given in Table 108. The factors for conversion of yields 
from the Gray and King assay apparatus to the yields from full-scale 
horizontal retorts were found to be 1.00 for coke, 0.57 for tar, and 
0.97 for gas. Fig. 17 showed the rate of gas evolution and the 
calorific value of the gas obtained from these retorts, as a function 
of the time of carbonization, while Table 26 showed the composition 
of the low temperature gas. A proximate analysis of the semi-coke. 
was given in Table 78, while fractionations of the low temperature 
tar were reported in Table 62, Table 63, Table 64, and Table 72. 
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The Fuel Research Board (239) attempted to effect low tem- 
perature carbonization in a battery of standard Glover-West con- 
tinuous vertical retorts by the simple procedure of lowering the flue 
temperature. It was not expected, however, that any economical 
operation could be obtained from such a retort built to function at 
high temperatures. The retorts were built of oval silica brick shapes. 
They were 21 feet high and 33 inches by 10 inches in cross-section. 
Their normal capacity was 2.5 gross tons of coal per day, but when 
the carbonizing temperature was reduced to an average of 780°C., 
the daily throughput fell to 1.8 gross tons per 24 hours. A short 
spiral extractor continuously removed the carbonized charge from 


TABLE 109 
Proximate analyses of coal and semi-coke from test of Glover-West retorts 


CONSTITUENT THST NUM- | TEST NUM- | THST NUM- | TEST NUM- 


BER 1 BER 2 BER 3 BBR 4 
Coal an alysis: per cent per cent per cent per cent 
INLOISUUITO Eo ee aan iea eae toe 6.5 Did) 5.7 6.2 
Viola tilevmatver<.nis qos eae ete leds Ont 3212 32.4 
PURO FCAT DOM ia pk ey erie ee ee 51.8 53.5 ban 52.4 
DP) Ref eo ere Dairy ea ot Se RD Ee 10.0 8.3 8.9 9.0 
Semi-coke analysis: 
IWiOIStRITe te tee eee ee let ener eee 0.6 1.4 12%, 125 
Volatile; matter. Gascenseun cuca ae 7.0 6.8 dee 6.3 
Bixedsearpomauree iss aeeceunae: 79.0 81.1 78.9 80.1 
NET 0 pe ae ee Ae AO en Np Py ater Si pies HET 13.4 10.7 D2 12.1 


the retort and delivered it to a cast-iron cooling chamber, from which 
it was removed intermittently. Four such retorts were placed in a 
common setting, separated into pairs by a vertical partition, and 
heated by seven separately fired horizontal flues. Provision was 
made for the introduction of steam during carbonization and the 
beneficial results of this on the distribution of heat through the retort 
has been shown in Fig. 9. 

Table 109 gives analyses of the coal and semi-coke which was 
obtained in four tests of the Glover-West retorts by the Fuel Research 
Board, the mean temperature in the combustion chambers being 
approximately 770°C. in each case. The charge consisted of a mix- 
ture of 60 per cent Mitchell Main gas nuts and 40 per cent Ellistown 
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Main breeze. Test No. 1 was conducted in the absence of steam; 
7.24 per cent steam was admitted in Test No. 2; 13.47 per cent in 
Test No. 3; and 20.0 per cent in Test No. 4. The products yielded 
from each of these tests are tabulated in Table 110. The composition 
of the low temperature gas from these tests has already been given 
in Table 43. It is interesting to note, that increasing percentages 
of steam give increasing yields of tar. 

The effect of various percentages of steam on the composition of the 
gas from high temperature carbonization in Glover-West retorts has 
been noted from tests by the Fuel Research Board (115) given in 
Table 41. A number of experiments on the carbonization of peat in 
Glover-West retorts were also carried out by the Fuel Research 
Board (106) and these have previously been referred to in Table 27, 
where the yields and gas composition were given; in Table 60, where a 


TABLE 110 
Yield of products obtained in test of Glover-West retorts 


TEST NUM- | TEST NUM- | TEST NUM- | TEST NUM- 


PRODUCT PHR GROSS TON BER 1 BER 2 BER 3 BER 4 
Pounds of semi-coke.................. 1,556 1,595 1,572 1,577 
Gallons: tam act saeco eee ee Bsa 15.3 17.0 18.3 19.9 
G@ubyeueeheass se seek ste era 7,190 6,700 7,350 7,750 
Pounds ammonium sulphate.......... 21.4 20.6 18.1 28.2 


fractionation of the peat tar was recorded; and in Table 77, where 
ultimate and proximate analyses of the carbonization residuum were 
reported. 

A second battery of four externally heated vertical retorts were 
tested by the Fuel Research Board (240). These retorts consisted 
of a standard Glover-West spiral extractor connected by a special 
iron casting with three upper cast-iron sections. The retorts were of 
rectangular cross-section 15 feet high, tapering from 28 inches by 9 
inches at the top to 33 inches by 15 inches at the bottom. All four 
retorts were mounted in a common firebrick setting. With flue 
temperatures of 650°C., a throughput was attained of 6 tons of 
briquets and about 5 tons of crushed coal per day. After a good deal 
of difficulty with the formation of breeze by the extraction mechanism 
and with bridging of the charge, due both to design and to heat 
distortion, these retorts were finally dismantled and the information 
gained from their operation used to improve the retort construction. 


228 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


The Fuel Research Board finally erected a battery of four narrow 
cast-iron continuous vertical retorts of the design shown in Fig. 63. 
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These retorts are 21 feet high and taper in length from 6.5 feet at the 
top to 6.92 feet at the base. Two of these, designated as ‘“D” 
retorts, taper in width from 4 inches at the top to 8 inches at the 
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bottom, while two, designated as ‘“E”’ retorts, tapered in width from 
7 inches at the top to 11 inches at the bottom. In all other respects, 
the two modifications of the narrow vertical retorts are identical. The 
retorts are built in three sections of good gray cast-iron one inch thick. 
A modified Woodall-Duckham extractor, consisting of a curved comb, 
which sustains the charge, and a toothed wheel, which slowly rotates 
between the prongs, is used. An outrush of coke from the side of the 
extractor is prevented by the pressure of weighted hinged rods. A 
number of vertical ribs were cast onto the outside of the retorts in an 
attempt to prevent warping. The combustion chamber consists of a 
plain firebrick setting surrounding each pair of retorts and heated by 
48 gas burners arranged in three stages of 16 each. Care is taken to 
place the burners close to the flue wall, in order to prevent the flame 
from impinging directly upon the retort castings. Two standpipes 


TABLE 111 
Yields in test of Fuel Research Board narrow vertical retorts 


PRODUCT PER GROSS TON COAL BRIQUETS Dares WOES! peccies wetnccad 
Pounds semi-coke..................- 1,706 1,665 1,747 
Gratllansiiar wae sci sie seacattscskensls + 16.7 20.7 16.2 
C@ulicsieet ease cs annem hats ae 5,160 5,190 4,460 


at the top of each retort remove the volatile products and deliver 
them to an hydraulic main. 

These retorts have been operated by the Fuel Research Board 
(241) for over a year at flue temperatures up to 625°C. The thinner 
“TD” retorts were badly distorted by growth of the cast-iron, after 
prolonged operation at 650°C. After carbonization of over 1,350 
tons of raw coal, of various types, in the model “EH” retorts, they 
have been declared successful and arrangements have been completed 
to give them a commercial trial by the erection, at London, of a 
battery of these retorts, with a daily capacity of 100 tons, by the 
Fuel Production Company, Ltd., organized under the joint auspices 
of the British Government and the Gas Light and Coke Company. 

Tests demonstrated that, with carbonization temperatures ranging 
from 605°C. to 625°C., the throughput per day of each “EK” retort 
varied from 4.1 gross tons to 2.7 gross tons of coal, depending on the 
fuel used. A number of different coals, both coking and non-coking, 
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as well as blended and briquetted fuels, have been successfully dis- 
tilled. The yields obtained from three different materials are given 
in Table 111. The briquets consisted of a mixture of 74 per cent 
Durham coal, 20 per cent semi-coke breeze, and 6 per cent pitch. 
Instead of working the retorts continuously, it was found more satis- 
factory to work them intermittently, fresh charges being introduced 
every hour, in the case of Dalton Main, and at 2-hour intervals in 
the case of the other two fuels. 

Fusion Process. The Fusion low temperature retort is the in- 
vention of Hutchins and is controlled by the Fusion Corporation, 
Ltd. Much of the developed was carried out in a 5 gross ton per 
day unit, installed at the works of the Electro-Bleach By-Products, 
Ltd., Cledford, England. This system belongs to the type of ex- 
ternally heated rotary kilns which contain an internal device for 
agitating the charge. According to Tupholme (242), two types of 
retorts have been designed, the single and the double-tube type 

The single-tube Fusion retort is shown in Fig. 64. It consists of a 
mild steel cylinder which is mounted horizontally upon rollers at the 
ends. The crushed fuel in introduced at one end of the rotating tube 
by an automatic feeding device and the coal is transported through 
the kiln by the combined action of rotation and the head of raw 
material which is built up by fresh coal at the charging end. At the 
discharge end of the retort, there is a stationary chamber, into the 
bottom of which the semi-coke falls to await delivery, while the gas is 
removed by an offtake and conducted successively to a dust-catcher, 
condenser, scrubber, and, finally, to the gas-holder. A star-shaped 
breaker is placed within the cylinder, but in no way connected with 
it, so that rotation of the retort causes the breaker to tumble over 
and over, stirring the charge and chipping off the hard crust, which 
tends to form on the inner wall when carbonizing sticky fuels. The 
retort is surrounded by a firebrick flue, containing on one side a 
combustion chamber from which the hot products of combusted 
producer gas are extracted by heating flues and circulated around the 
rotating cylinder. 

The double-tube Fusion retort operates on essentially the same 
principle as the single-tube design. In this modification, two cylin- 
ders are mounted concentrically. The inner and smaller cylinder 
contains the breaker. This construction has two advantages. In 
the first place, it permits charging and discharging at one end, thus 
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eliminating one gas-tight gland between the rotating and stationary 
parts. In the second place, the coal is preheated in the inner tube 
before actual carbonization in the outer cylinder. It has already 
been demonstrated in Chapter IV, under the subject of preheating 
and oxidation of the charge, that this thermal pretreatment destroys 
the coking power of the coal to prevent adhesion of the plastic 
material to the retort walls, as often occurs in kilns of this design. 
Ordinarily, if some means is not provided to prevent the formation 
of this crust, when dealing with sticky materials, it becomes so thick 
that sufficient heat cannot be conducted through the refractory 
material to carbonize the charge without raising the flue temperature 
to regions which endanger the retort shell. 

A test of the semi-commercial single-tube Fusion retort at Cledford 
was made by the Fuel Research Board (243). The tube of the retort 
is 25 feet long, 2.5 feet in diameter, and contains five breakers, 20 
inches in diameter, placed end to end. The temperature of car- 
bonization ranged from a minimum of 325°C., in the flue, to a maxi- 
mum of nearly 625°C., just past the middle of the retort. Under 
these conditions, the daily throughput was nominally 5 tons, de- 
pending on the character of the fuel treated. The Welback Cannel, 
used in the test by the Fuel Research Board, contained 1.8 per cent 
moisture, 46.6 per cent volatile matter, 36.8 per cent fixed carbon, 
and 14.8 per cent ash. The carbonaceous residuum from distillation 
contained 9.7 per cent volatile matter, 64.8 per cent fixed carbon and 
25.5 per cent ash. The products yielded by carbonization, per gross 
ton of raw fuel, consisted of 1,196 pounds of semi-coke, 60.2 gallons 
of oil, 2,740 cubic feet of gas, 4.5 gallons of light oil scrubbed from 
the gas, and only about 3 pounds of ammonium sulphate. It is 
said that about 65 gallons of tar per gross ton of coal could be obtained 
by rearranging the discharge chamber. The above yields gave the 
following conversion factors for yields, as determined in the Gray and 
King assay apparatus: 0.98 for semi-coke; 0.73 for tar; and 0.86 for 
gas. The gross calorific value of the gas was estimated at 1,305 
B.t.u. per cubic foot, before scrubbing, and was determined as 
1,110 B.t.u. per cubic foot, after scrubbing. The solid residuum was 
discharged in small pieces of about the size it was introduced into 
the retort and was, therefore, suitable for briquetting and 
pulverization. 
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Greene-Laucks Process. This retort bears the name of its two 
inventors, Greene and Laucks, but is controlled by the Old Ben 
Coal Corporation, Chicago. The experimental work was carried out 
by the Denver Coal By-Products Company at Denver, Colo., but 
subsequently a semi-commercial plant was built at Waukegan, IIL, 
according to Greene (244). The Greene-Laucks process belongs to 
‘the general class of vertical externally heated retorts with an internal 
spiral conveyor. It is operated primarily to produce a domestic 
fuel from low grade bituminous coal screenings. 

This retort has undergone a number of modifications with respect 
to minor details, but it remains essentially the same in principle of 
design. Fig. 65 shows two of the battery of four retorts erected at 
Denver. These retorts consist of a cast-iron shell about 12 inches in 
diameter and 18 feet long. Mounted centrally within this casing is a 
hollow shaft, 8.5 inches in diameter, which has a 1.5 inch spiral 
web cast on its exterior. Each pair of retorts is fed from a common 
hopper by a screw conveyor, which introduces the raw coal at the 
bottom of the retort. The central core is mounted upon a thrust 
bearing at the bottom and is geared to rotate slowly, so that the 
charge is forced upward by the motion and discharged at the top 
after carbonization. The speed of rotation varies from 1 r.p.m. 
to 3 r.p.m., depending upon the material being processed and upon 
the percentage volatile matter which is permitted to remain in the 
coke. Each retort is mounted in a firebrick setting, leaving a 4 inch 
heating flue surrounding the metal shell. Sticking of the charge to 
the rotor is prevented by heating the interior walls of the shaft by a 
gas burner, consisting of a perforated gas pipe. The height of this 
retort was subsequently reduced to 12 feet, while the Waukegan 
modification was again increased to 18 feet high and enlarged to 3 
feet in diameter. 

With a shell temperature of about 450°C., extensive tests on bitum- 
inous coals showed a yield of low temperature tar amounting to 
0.876 gallons per one per cent of volatile matter in the raw fuel. The 
average yield of products per net ton from bituminous coal was 1,400 
pound of semi-coke, 35 galons tar, 4,000 cubic feet of gas, and 12 
pounds of ammonium sulphate. About half of the gas, which had a 
calorific value of approximately 700 B.t.u. per cubic foot, was required 
for heating the retort. A low grade Colorado shale, containing 28 
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K. S. G. Process. The Kohlenscheidungs Gesellschaft, Essen, 
Germany, is responsible for this process, which was invented by 
Cantieny (245). The development work was carried out at the 
Mathias Stinnes Colliery at Karnap. A plant of this type, with a 
large daily capacity, is now (1928) under erection at New Brunswick, 
N. J., by the International Coal Carbonization Company, a sub- 
sidiary of the International Combustion Engineering Company, 
who have acquired the process. The K.S. G. process belongs to the 
general type of externally heated rotary kiln retorts in which the 
coal is preheated before actual distillation. 

As shown in Fig. 66, the K. S. G. retort consists of two coaxial 
cylinders securely fastened together and mounted at an inclination 
upon rollers, so that they rotate as a unit. The entire weight of the 
retort is carried by the cooler inner cylinder, which, according to 
Mueller (246), is an important advantage, in that the supporting 
structure never exceeds 300°C., and sagging of the retort, caused by 
reduction of tensile strength through heating of the steel shell, is 
avoided. 

The K. S. G. kiln, which is installed at Karnap, is 76 feet long. 
Its inner cylinder is 5.75 feet in diameter, while its outer shell is 10 
feet in diameter. The charge requires about 2.5 hours to pass 
through the retort when the speed of revolution is approximately 
once in 1.5 minutes. A retort of this size has a daily throughput 
ranging from 60 tons to 80 tons. It will be seen from Fig. 66, that 
the crushed raw fuel is introduced by a special screw conveyor, which 
projects well into the lower end of the inner or preheating cylinder. 
Spiral flights, fastened to the inner wall of the smaller cylinder, 
convey the coal to the upper end of the retort, where it falls through 
discharge ports into the outer or carbonizing cylinder. It is claimed 
that this pretreatment sufficiently removes the sticking quality of 
the fuel, so that it does not stick to the walls of the outer chamber. 
The retort is mounted in an ordinary firebrick combustion chamber, 
in such a way that the hottest zone of the retort is at the point where 
the pretreated coal falls into the carbonizing cylinder. By this 
procedure, the pretreated coal is rapidly brought through the plastic 
stage long before the semi-coke is discharged, thus giving the material 
sufficient time to cement the coal particles together and harden, 
with the result that breeze is reduced toa minimum. ‘The pretreated 
charge, having been deposited at the upper end of the outer chamber, 
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descends to the charging end under the combined action of gravity 
and rotation. At the bottom end of the retort, the finished semi-coke 
is elevated by a plow into a short extremity of the inner cylinder, 
where reverse spiral flanges transport the material to the discharge 
exit. The volatile products are withdrawn through a hollow shaft 
at the upper end of the retort. Provision is made for introducing 
steam to the carbonizing cylinder through twelve longitudinal steam 
chests which are arranged around the periphery of the outer cylinder 
and connected with a rotating valve so that steam is introduced only 
while coal is above the steam chests. The temperature of pre- 
heating ranges from 200°C. to 300°C., while that of carbonization 
ranges from 600°C. to 700°C. The superheated steam is introduced 
at a pressure of about 7.5 pounds per square inch and at a total 
temperature of approximately 450°C. 

Using a weakly coking German coal, containing 25 per cent volatile 
matter, 57 per cent fixed carbon, about 15 per cent ash, and 3 per 
cent moisture, the average yield was 1,837 pounds of semi-coke; 
11.3 gallons of dry tar; 2,420 cubic feet of low temperature gas; and 
slightly over one gallon of light oil scrubbed from the gas. The ther- 
malvalue of the low temperature gas ranged from 750 B.t.u. to 830 
B.t.u. per cubic foot. About 85 per cent of the semi-coke was in 
lumps, ranging in size from 0.5 inch to 4.0 inches, and proximate 
analysis showed it to contain 9.3 per cent volatile matter and 18.6 
per cent ash. When coals containing a higher percentage of volatile 
matter were used, a greater yield of tar was obtained, but the through- 
put of the retort was correspondingly reduced. 

Maclaurin Process. The patents on this process are controlled by 
Maclaurin Carbonization, Ltd. The Maclaurin (188) retort is an 
internally heated process of the partial gasification type. It com- 
bines both the principles of low temperature carbonization and of the 
manufacture of producer gas. 

After his initial small-scale experiments, Maclaurin (247) erected a 
semi-commercial plant with a daily capacity of 20 gross tons at the 
Port Dundas plant of the Glasgow Corporation, Scotland. The 
Port Dundas retort consisted of a gas producer and a carbonizing 
shaft built into a single setting with a connecting conduit, so that the 
hot producer gas could be led directly from the top of the gasification 
chamber into the bottom of the carbonizing shaft. The hot producer 
gas, rising up through the layers of fresh coal, distilled it with its 
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sensible heat. The semi-coke was extracted at intervals from the 
bottom of the carbonizing shaft and partly charged to the combustion 
chamber for complete gasification. The top of the retort was built 
of steel, as an inverted cone, and the volatile products were led over 
the top of the funnel to a gas-collecting chamber, from which it was 
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withdrawn to the condensers. The gasification and carbonization 
chambers were segregated in the Port Dundas retort to reduce the ash 
that would appear in the semi-coke, were both operations carried 
out in a single chamber. It was subsequently discovered, however, 
that the ash from partial gasification can be very easily separated 
from the semi-coke, so that segregation of the gasification chamber 


PROCESSES OF LOW TEMPERATURE CARBONIZATION 239 


from the distillation shaft was entirely unnecessary. An analysis 
of the semi-coke obtained from this retort has been given in Table 78. 

Following the experience gained at Port Dundas, a retort of the 
design shown in Fig. 67 was erected and tested at Grangemouth, 
Scotland, and the results are said to have been sufficiently satis- 
factory to warrant the installation of a battery of five Maclaurin low 
temperature retorts at the Dalmarnock Gasworks of the Glasgow 
Corporation for the production of smokeless fuel. 

The Grangemouth retort, which somewhat resembles a blast 
furnace in shape, has a daily capacity of 20 tons. It is square in 
cross-section and stands about 45 feet over all. Externally, the retort 
tapers from about 8 feet at the top to about 13 feet at the bottom, 
but internally the maximum width of 8 feet occurs about 7 feet from 
the base. Air is blown into the retort at the point of its maximum 
internal width, so that this section of the retort constitutes the 
partial gasification zone, while the superincumbent layers of fuel 
constitute the carbonizing shaft. The top of the firebrick shaft is 
surmounted by a double-walled metal cylinder, into which the raw 
coal is introduced from a charging hopper immediately above. Any 
oils, which are distilled from the coal and condense on the cold metal 
walls, are collected by a trough at the top of the refractory shaft, 
thus preventing the low temperature oil from trickling down the walls 
to the hot gasification zone where they would be cracked. A V-shape 
dividing wall extends across the retort just below the combustion 
zone and seems to divide the charge so that it can be withdrawn from 
two discharge doors at the bottom of the retort. The mixture of 
producer and low temperature gas is withdrawn at the top of the 
retort, the metal cylinder being built with hollow walls to form an 
annular gas-collecting chamber. The temperature in the retort 
ranges from about 900°C., in the combustion zone, to about 70°C., 
at the top of the retort, the bulk of the volatile products, however, 
being removed at temperatures from 300°C. to 500°C. 

A test on bituminous coal at Grangemouth showed a yield, per gross 
ton of coal, amounting to 1,096 pounds of semi-coke, 18.7 gallons of 
oil, 27,731 cubic feet of gas, and 14.5 pounds of ammonium sulphate. 
About 74 per cent of coke was larger than one inch lumps. The 
composition of the gas, which had a gross heating value of 247 B.t.u. 
per cubic foot, has already been given in Table 26. The original coal 
contained 30.5 per cent volatile, 53.7 per cent fixed carbon, 8.1 per 
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cent ash, and 1.3 per cent moisture, whereas proximate analysis 
of the large lumps of the residuum showed 3.0 per cent volatile 
matter, 81.2 per cent fixed carbon, 13.5 per cent ash, and 2.3 per cent 
moisture. Most of the ash from combustion was concentrated in the 
breeze, which contained from 20 per cent to 35 per cent ash. 
Tupholme (248) reports some yields when the Grangemouth retort 
was used to completely gasify the coal for the purpose of recovering 
the low temperature oil, ammonia, and gas, without the production 
of coke. The fact that the solid fuel is completely gasified, of course, 
has very little bearing on the characteristics of the tar produced, as 
long as the tar is distilled out by the sensible heat of the gas before 
the coke reaches the combustion zone. Table 112 gives the proximate 


TABLE 112 
Analyses of fuels tested and yields from complete gasification in Maclaurin retort 
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analyses of three low grade fuels completely gasified in the Maclaurin 
retort, without the production of smokeless fuel. The thermal 
efficiency of complete gasification was 81 per cent, for the cannel coal, 
88 per cent, for the bituminous refuse, and 72 per cent, for the 
anthracite refuse. 

McEwen-Runge Process. ‘This process, which is based upon the 
invention of McEwen, is controlled by the International Combustion 
Engineering Corporation and was largely developed by Runge (249) 
at the Lakeside Station of the Milwaukee Electric Railway and 
Light Company. The McEwen-Runge process is an internally 
heated static vertical retort for the treatment of pulverized coal. 

McEwen’s initial attempt at the low temperature carbonization 
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of powdered coal was made in a closed circuit of cast-iron pipe 6 
inches in diameter and approximately 70 feet in length. In this 
apparatus the pulverized coal was held in suspension by the rapidly 
moving superheated gas, which acted both as the carbonizing medium 
and as the means of transport for the fuel. The completely car- 
bonized particles were finally separated from the heating medium by a 
cyclone dust-catcher. The original scheme was eventually aban- 
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Fig. 68. McEwEen-RuNGE Process 


doned, when it was found impossible to maintain the dust in suspen- 
sion at the temperature required for carbonization without main- 
taining excessive gas velocities, which would necessitate an undue 
length for the carbonizing circuit. 

The Milwaukee development unit, shown schematically in Fig. 
68, consists of two superimposed steel cylinders, each about 30 feet 
in length and 6 feet internal diameter. The cylinders are lined with 


242 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


refractory to protect them from the heat. The upper cylinder 
constitutes the primary retort, where the coal is treated by preheating 
or partial oxidation to destroy its coking property, while the lower 
cylinder forms the secondary retort, where the coal is carbonized. 
The pulverized coal is introduced at the top of the primary retort 
through four feed pipes which project about 8 feet into the cylinder 
and which are fed by screw conveyors. The raw pulverized coal 
then falls freely to the bottom of the primary retort against a current 
of hot air, or products of combustion, introduced by means of a bustle 
pipe at the bottom of the chamber. By the time the pretreated coal 
collects in the bottom of the primary retort its agglomerating power 
has been entirely destroyed and the hot material is fed by screw 
conveyors through four additional feed pipes into the top of the 
secondary retort, where it again falls counter-current to a current 
of ascending hot inert heating gas introduced in the same manner at 
the bottom of the cylinder. ‘Two combustion chambers are provided, 
one for the primary and one for the secondary retort. A certain 
proportion of the coal gas is combusted in the primary heating 
chamber and the hot flue gas is used to raise the temperature of the 
primary retort to approximately 320°C. It is found that, if a certain 
amount of excess air is present, the treatment is far more effective 
than if preheating alone is used. Very little volatile matter is 
removed in the primary retort, so that the gas is vented to the at- 
mosphere. A certain proportion of the scrubbed low temperature 
gas’is preheated in the secondary combustion chamber to bring the 
temperature of the secondary retort to approximately 570°C. The 
hot semi-coke, which is pulverulent in form, collects in the cooling 
chamber at the bottom and may be fed hot to a pulverized coal 
boiler or reduced in temperature below its ignition point by a heat 
exchanger before being discharged by a spiral extractor. The 
volatile products are removed at the top of the retort by two gas 
offtakes which connect with an hydraulic main. Both the primary 
and secondary retorts are expanded to a diameter of about 13 feet 
at the top, to reduce the velocity of the gas to such an extent that 
none of the pulverized material is carried through the gas offtake. 
The capacity of the Milwaukee installation exceeds 200 tons of raw 
coal per day. 

Using a high volatile Youghiogheny coal, containing 34.6 per cent 
volatile, 57.6 per cent fixed carbon, and 7.8 per cent ash on a dry basis, 
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the yield per net ton in extensive tests was approximately 1,400 
pounds of semi-coke, 25 gallons of tar, 3 gallons of light oil scrubbed 
from the gas, and about 4,000 cubic feet of surplus gas, with a calo- 
rific value of approximately 540 B.t.u. per cubic foot. When the raw 
coal was pulverized, so that 60 per cent passed 200 mesh, 85 per cent 
passed 100 mesh, and 100 per cent passed 40 mesh screens, the re- 
sultant semi-coke showed that 7 per cent passed 200 mesh, 22 per cent 
passed 100 mesh, and 100 per cent passed 10 mesh screens. 

Nielsen Process. The low temperature retort designed by Nielsen 
(91) (250) is a horizontal rotary kiln, internally heated by the sensible 
heat of hot gas. The process, originally controlled by Messrs. 
Laing, Marshall, and Nielsen, is now owned by the Sensible Heat 
Distillation, Ltd., London. A plant of this type, with a daily 
capacity of 100 gross tons per day, has been erected in India by the 
Carbon Products Company. While the general scheme of internal 
heating is always adhered to in this system, there are a number of 
variations in the method of applying it. Thus, distillation may be 
effected by the sensible heat of unignited producer or water gas, by 
combusted gas, by recirculated and superheated coal gas, and by 
combusted powdered coal. 

The Nielsen process, outlined diagrammatically in Fig. 69, is 
arranged for the use of superheated producer gas, mixed with super- 
heated steam, as the heating medium. A portion of the producer gas 
is combusted in a gas fired superheater to raise the temperature of the 
rest of the producer gas to the required degree. A waste-heat boiler, 
surmounting the superheater, serves to generate steam for mixing 
with the heating gas. Once the process is started, a part of the low 
temperature gas can be drawn from the system and recirculated to 
replace the lower calorific producer gas, giving a final product of 
superior heating quality. 

Tupholme (252) gives the dimensions of the unit, which was erected 
in India with 100 gross tons daily capacity, as 90 feet long, 7 feet in 
diameter, for the first half of its length near the charging end, and 
nearly 9 feet in diameter, for the remainder of its length. Near the 
discharge end, there is an annular cooling chamber 8 feet long and 14 
feet in diameter. A hand-operated sliding valve connects the dis- 
charge chamber with the retort, the end of the kiln stopping abruptly 
in a bulkhead. A second sliding door permits the cooled semi-coke 
to be extracted from the apparatus. The kiln is mounted upon 
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rollers at each end and in the center, being tilted at a slight angle so 
that the combined action of rotation and the inclination causes the 
charge to travel through the retort. The kiln is built of plate steel 
sheets and is lined with refractory to protect the metal from the 
influence of hot heating gas, introduced at the lower end of the 
cylinder to secure the benefit of counter-current heating. The 
installation of the Carbon Products Company is of the simple hot 
producer gas type. 

The average temperature of the heating gas as it enters the Nielsen 
retort is 750°C. and it emerges at a temperature ranging from 120°C. 
to 245°C. The refractory lining, which is of double thickness over the 
length of the kiln that is especially large in diameter, prevents the 


TABLE 113 
Analyses of coals tested and cokes yielded in Nielsen retort 


BARNSLEY 


CONSTITUENT COKING COAL CANNEL COAL BROWN COAL 
Coal analysis: ; per cent per cent per cent 
NIOISEURE Meta hcck Sallie Reese 4.33 6.01 45 .53 
VOLACUIEETIAL LOR, seorswien ca cece cual 32.77 40.69 37.06 
ISO CNMCATDON sx oir. iyersiectecsuraeparnen = 55.78 47.12 11.66 
ANG 8 8 tai 098 RN nea EOD Cole 6.18 area: 
Semi-coke analysis: 
Wola tileymatiens: toons ond clatects 10.15 13.49 20.86 
Mire dicarbolnecalca. acne ues suueene — 80.95 79 .03 53.73 
INCI NS AIO AR Sac Ae ee oie SO ee A 8.90 7.48 25.41 


metal shell from exceeding 45°C. About 2.5 hours are required for 
the charge to pass through the kiln. A part of the semi-coke is used 
to fire the gas producer. 

Tests on the Nielsen retort, with a bituminous slack as the raw 
fuel and producer gas as the heating medium, showed a gross tonnage 
yield of 21.6 gallons of oil, 44,000 cubic feet of gas, and 15.2 pounds 
of ammonium sulphate. In addition there was a gross production of 
1,475 pounds of semi-coke, of which 620 pounds were consumed in 
the gas producer, giving a net yield of 855 pounds. The gas from the 
process consisted of a mixture of about 5,000 cubic feet of true low 
temperature coal gas, with a calorific value of about 735 B.t.u. per 
cubic foot, and approximately 39,000 cubic feet of producer gas, 
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with a thermal value of about 140 B.t.u. per ‘cubic foot. Thus the 
mixture amounted to 44,000 cubic feet, with a heating value of 230 
B.t.u. per cubic foot. Analysis of the mixed gas showed it to contain: 
5.6 per cent carbon dioxide, 22.7 per cent carbon monoxide, 10.5 
per cent methane, 14.1 per cent hydrogen, 45.6 per cent nitrogen, 
and about 1.6 per cent hydrocarbons and free oxygen. A fraction- 
ation of the low temperature tar from the Nielsen process has been 
given in Table 62 and a proximate analysis of the semi-coke is re- 
ported in Table 78. The proximate analyses of several other fuels 
. tested in the Nielsen retort, together with analyses of the semi-coke, 
are tabulated in Table 113. The Barnsley coal, given in Table 113, 
was a coking slack, which yielded a fairly soft coke; the cannel coal 
was a coking fuel; and the brown coal was a sample from Germany, 
which yielded a semi-powdery solid residuum. 

Piron-Caracristi Process. This process bears the name of its two 
inventors, Piron (252) and Caracristi (253). The Piron-Caracristi 
process belongs to the class of internally heated retorts in which 
carbonization is effected by means of molten lead. It consists 
essentially of a long horizontal tunnel kiln, through which the fuel is 
transported in thin layers by means of an endless conveyor. Two 
units of this design, each with a daily throughput of approximately 
50 tons of raw coal, were erected by the Ford Motor Company, 
one at their River Rouge, Detroit, plant and one in Canada at their 
Walkerville, Ontario, plant. Both of these installations, however, 
were dismantled because of operating difficulties, which are now said 
to have been overcome. 

A Piron-Caracristi retort, designed for a daily capacity of about 50 
tons of fuel, is illustrated by longtidudinal and cross-sectional views 
in Fig. 70. Its over-all dimensions are approximately 47 feet long, 
33 feet high, and 22 feet, wide. The distillation chamber consists of 
an arched brick tunnel about 14 feet wide and 6.5 feet high. The 
floor of the distillation chamber is formed by molten lead, which is 
maintained in the liquid state by a number of transverse U-shaped 
cast-iron flues of rectangular cross-section, which are placed side by 
side beneath the lead. The cast-iron flues are fastened down to 
prevent them from floating on the molten lead. The heating flues, 
which are gas fired, are built into the firebrick setting alongside the 
distillation chamber, so that the hot combusted gases can be drawn 
through the transverse cast-iron flues to maintain the lead at the 
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required temperature. An endless conveyor, built of hinged plates, 
passes over sprocket wheels at each end of the tunnel, the upper part 
of the conveyor floating on the surface of the molten lead and the 
lower part passing through a conveyor tunnel built immediately 
below the distillation chamber. This serves to transport the charge 
through the retort. A second apron conveyor is placed in the lower 
tunnel to receive the finished semi-coke at the opposite end of the 
retort from which it is charged and return it to the charging end 
for delivery, after it has cooled sufficiently to prevent its ignition. 
A regenerator or recuperator is placed on top of the setting to preheat 
the combustion gas by extracting heat from the spent flue gas. 

The crushed raw coal is fed in thin layers to the apron conveyor 
and carbonized in about 5 minutes, during which time it passes 
through the distillation chamber. The entire heat for distillation is 
transmitted by metallic conduction from the molten lead, main- 
tained at about 650°C., through the plates of the apron conveyor and 
into the thin layer of raw fuel. At the far end, the semi-coke falls 
in slabs upon the return conveyor on which it is cooled, during the 
return passage through the lower tunnel, before discharge. 

Among all molten metals available as a heating agent, lead has a 
number of advantages which render it particularly suitable. In the 
first place, it is not attacked by sulphur in the coal gas, except at 
temperatures considerably higher than those prevailing in the dis- 
tillation chamber. Furthermore, it has a low melting point and a 
high boiling point, which prevents freezing and loss of vapor re- 
spectively, thereby eliminating the necessity of close temperature 
regulation. Experience has shown that practically no lead is lost 
by oxidation and no difficulty is experienced in retaining the molten 
metal within a refractory structure. The lead losses consist almost 
entirely of small quantities of metal lifted out of the bath by the 
conveyor at the discharge end of the retort and most of this can be 
recovered later. 

A test in the Piron-Caracristi process installed at Walkerville, 
Ontario, using a bituminous coal containing approximately 38 
per cent volatile matter, 5.4 per cent moisture, and 4 per cent ash, 
yielded a semi-coke containing an average of 9.7 per cent volatile 
matter. The products obtained per net ton of coal amounted to 26 
gallons of tar, 3,973 cubic feet of gas, and 1,425 pounds of semi-coke. 
The low temperature gas had a calorific value of about 793 B.t.u. 
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per cubic foot. The semi-coke was pulverized and used as a fuel 
for firing steam boilers. 

Sutcliffe-Evans Process. This process for the low temperature 
carbonization of coal is frequently referred to as the Pure Coal 
Briquet process, as well as by name of its inventors, Sutcliffe and 
Evans (254). It was developed by Pure Coal Briquets, Ltd., at 
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Fig. 71. SutcuirFe-Evans Retort 


Leigh, England. The Sutcliffe-Evans process is an internally 
heated continuous vertical retort, whose chief novelty resides in 
preliminary preparation of the coal, particularly in super-pressure 
briquetting before carbonization. 

This process depends largely for success upon the washing, grinding, 
and blending of the raw fuel. The crushed coal is usually washed, 
so that its ash content does not exceed 6 per cent, dried to less than 
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3 per cent moisture, and then ground to a size determined by the 
quality of fuel desired. Ordinarily the coal is prepared to pass a 30 
mesh screen, which gives satisfactory results without excessive grind- 
ing cost. Non-coking coal or coke breeze is next mixed with the 
charge in suitable proportions to prevent swelling of the briquets 
during carbonization. Most British coals give best results with 
about 22 per cent coke breeze. Finally the mixture is formed into 
briquets, without the use of a binder, under the extreme pressure of 
approximately 20,000 pounds per square inch. A special rotary 
briquetting press, designed by Sutcliffe and Speakman, Litd., is 
used in this stage of the process. 

The Sutcliffe-Evans retort, shown in Fig. 71, consists of a vertical 
steel cylinder lined with refractory and provided with a charging 
hopper and a discharge chamber at top and bottom, respectively. 
The raw briquets descend the carbonization shaft under their own 
weight. Two vertical checkerwork regenerators are used in con- 
nection with the retort. Part of the low temperature gas is burned 
in the combustion chamber of one regenerator, the hot spent gas 
being drawn through the brickwork and finally through a steam 
superheater. Meanwhile the superheated steam, mixed with another 
portion of the low temperature gas, is circulated through the other 
regenerator until the mixture of steam and gas is intensely super- 
heated. The hot heating gas is then led to the base of the carboniza- 
tion shaft and introduced to the retort, where it carbonizes the 
briquets with its sensible heat. As rapidly as one regenerator is 
cooled down, circulation of the heating gas is diverted to the other, 
which has meanwhile been reheated. The mixture of volatile 
products and steam is removed by a gas offtake at the top of the 
retort. 

In a test with Lancashire coal in the Sutcliffe-Evans retort at a 
temperature of approximately 400°C., there was obtained per gross 
ton of briquets, 1,400 pounds of semi-coke briquets, 53 pounds of 
ammonium sulphate, 18 gallons of tar, 4.8 gallons of light oil, and 
about 17,000 cubic feet of gas. The gas had a calorific value of 437 
B.t.u. per cubic foot and approximately 9,000 cubic feet of the gross 
yield was required for heating the regenerators. The high yield of 
ammonium sulphate is remarkable. The carbonized briquets con- 
tained approximately 5 per cent volatile matter, whereas the raw coal 
contained 35 per cent. The percentage volatile matter remaining 
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in the carbonized briquets can be reduced to as little as 1.5 per cent 
by raising the temperature of the heating gas to 1000°C. 

Tozer Process. The Tarless Fuel Syndicate, London, developed 
and control the process invented by Tozer (190). In principle, the 
Tozer system is an intermittent static vertical cast-iron retort. It is 
externally heated and depends upon the method of thin layers and 
upon heat conduction by metal walls to effect carbonization at low 
temperatures. Beginning as early as 1909, a number of different 
retorts were designed, culminating with that shown in Fig. 72. 

A battery of Tozer retorts, of the design shown in Fig. 72, with a 
daily capacity of 25 tons, was erected at Battersea, London, and 


TABLE 114 
Analyses of fuels and semi-cokes in tests of Tozer retort 


BITUMINOUS 


CONSTITUENT COAL CANNEL COAL LIGNITB 
Coal analysis: per cent per cent per cent 
WEOISEUTE GY ertre rs bi om avd oun aes 0.0 1.64 5.24 
Volatilevmattersccs. cocoa cate etek 32.85 57 .82 35.74 
Hixedscanbon ey iene wap vateslty 58.31 36.61 49 .03 
ZN Vea ea es er a nds agen MANE ae oe 8.84 3.93 9.99 
Semi-coke analysis: 
NOIstuTe eerie tos, oi emai ee oe erate 0.0 2.25 
Volatilesmatterscicsatu aeeec ene 7.71 7.96 12.50 
IXEAVCATWOM. ease aacicaeaaee pa eee 82.3 82.77 75.60 
NCU te ay arferde ions Mee One Fs Re ae OC 9.99 7.02 


tested on many different carbonaceous materials. This retort is 
built of silicon cast-iron, which was found to stand up well after eight 
years of service at temperatures as high as 650°C. The casting is 
about 10 feet high and consists of three coaxial cylinders held together 
by four radial fins. The inner chamber is kept empty during charg- 
ing of the retort by means of a removable stopper, thus providing a 
gas-collecting passage. Two quartered annular cells constitute the 
distillation chambers, into which the coal is delivered. The retort 
tapers slightly from top to bottom to facilitate discharge. The 
cast-iron cylinder is provided with a hinged bottom to support the 
charge and to provide a communicating passage between the car- 
bonization chamber and the gas-collecting zone. A removable lid 
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permits charging at the top and maintains the system gas-tight. 
The casting is surrounded by a refractory setting, which provides an 
external heating flue adjacent to the retort. Even though the coal 
may be as far as 10 inches from a heating surface at certain points 
in the retort, sufficient heat is conducted by the metal walls and fins 
to completely carbonize the charge in layers approximately 5 inches 
thick. When the temperature of carbonization is maintained at 
540°C., about 4.5 hours are required to complete the distillation. 
Marshall (255) has reported the yields obtained from a number of 
different fuels in the Tozer retort, as well as the composition of the 
residual coke. These data are reproduced in Table 115 and Table 114, 
respectively. The bituminous coal referred to in these tables was a 
Silkstone slack, the cannel was from Wigan, and the lignite and shale 


TABLE 115 
Yield of products in tesis of Tozer retort 


BITUMI- CANNEL 


PRODUCT PER GROSS TON NOUS CCAL COAL LIGNITE SHALE 
Pounds semi-coke.................. 1,700 880 1,200 Waste 
MOUSE CAT A oer oe as cane a 23.8 102.1 27.2 | 36.1 
Pounds ammonium sulphate........ 12.1 22.0 18.5] 19.1 


were from Spain. The temperature of carbonization was ap- 
proximately 650°C. in each case. An analysis of another sample 
of semi-coke, manufactured in the Tozer retort from a strongly 
caking coal, was given in Table 78. 

In addition to the yields per gross ton of raw fuel tabulated in 
Table 115, the Tozer process gives approximately 4,500 cubic feet of 
450 B.t.u. stripped gas, from 2 gallons to 4 gallons of light oil being 
removed in the scrubbing process. A distillation analysis of a low 
temperature tar, obtained in the carbonization of an ordinary bitumin- 
ous coal, has been given in Table 62. One point of particular interest 
in Table 115 is the notably high yield of tar obtained from Wigan 
cannel. The semi-coke from the Tozer process is said to be suitable 
- for domestic uses and tests have demonstrated its value as a fuel 
for complete gasification. 


CHAPTER VII 


OPERATION, DESIGN, AND MATERIALS OF CONSTRUCTION 


General. Lander conceives the successful development of a 
commercial carbonization process as passing through four distinct 
stages: first, laboratory investigation of the method under close 
control and with accurate measurement; second, work on an inter- 
mediate scale in a plant able to deal with several hundred pounds of 
raw material daily; third, erection of a full-scale unit with a daily - 
capacity of not less than five tons, which will allow multiplication in 
number; and fourth a commercial battery which consists of a number 
of full-scale units erected in a locality which will test its economic 
possibilities. 

In the foregoing chapters, we have dealt at length with the phenom- 
ena accompanying the transition of coal under application of heat, so 
that the principles to be noted during the first and second stages of 
development have been laid down. The successful solution of any 
low temperature process depends upon the utmost attention to and 
the thoughtful working out of details. While a knowledge of the 
physico-chemical reactions accompanying the thermal breaking down 
of the coal conglomerate is the szne quo non of any successful process, 
of quite as much importance is a knowledge of the properties of the 
materials of construction, of the difficulties of operation, of the 
principles of design, and of the economies which justify its existence. 
It is the purpose of this and the next chapter to consider these 
phases of the subject which are of particular interest during the third 
and fourth stages of commercial development. 

Operation of Retorts. Caracristi (256) has given a very frank 
discussion of the operating difficulties of low temperature carboniza- 
tion, as has Curtis (213) and his associates. To preserve the primary 
character of the low temperature products, it is necessary to avoid 
localized heating, which causes decomposition of the hydrocarbons 
and adversely affects the process, both by virtue of loss of valuable 
products and by the deposition of amorphous carbon, which is 
detrimental to continuous operation of the plant. The deposition of 
amorphous carbon, sufficiently hard to disrupt the driving mechanism, 

254 


OPERATION, DESIGN, AND MATERIALS 255 


was experienced in the Carbocoal primary retort, resulting in the 
adaption of a cutting blade to the paddles, as illustrated in the 
Mclntire modification. 

Temperature regulation is of great importance for a number of 
different reasons, principally among which is the sensitivity of the 
quality of the low temperature products to the temperature of dis- 
tillation and the danger of exceeding a temperature which will injure 
the retort, if it be constructed of metal. Of course, the lower the 
temperature consistent with complete carbonization, the greater is the 
thermal efficiency of the process. Great care must be taken to 
prevent infiltration of air, either to the combustion chamber or to the 
carbonization chamber, in order to maintain close temperature regu- 
lation, in the first case, and to prevent destruction of the hydro- 
carbons, in the second. 

Tempering of the semi-coke to prevent spontaneous combustion 
is a serious matter. Of course, this can be effected by water quench- 
ing the material, as is done in some instances, but this is not good 
practice, for it breaks up the lumps, producing excess breeze, and 
lowers the net heating value of the fuel by virtue of its moisture 
content. Furthermore, it is desirable to recover the sensible heat of 
the coke, as far as is possible, in order to increase the thermal effi- 
ciency of the process. This can be accomplished by means of heat 
recuperators or by dry quenching. The spontaneous combustion of 
semi-coke can be prevented easily by crushing and pulverizing it, 
provided it can be used in this form, for the finely divided material 
permits the absorption of sufficient execs to prevent further spon- 
taneous oxidation. 

It is common experience for low temperature processes to encounter 
the building up of a thick layer of carbon on the inner wall of the 
retort shell, due partly to cracking of hydrocarbons and partly to 
the sticking of fusing coals. ‘This is a serious condition, to be avoided 
in all events, for, aside from its interference with the operation of 
moving parts, it greatly reduces heat transfer, because of its thermal 
insulating character, and increases the likelihood of injuring a metal- 
lic retort through over-heating in an effort to attain the necessary 
heat transfer to carbonize properly the coal. The carbon layer 
bakes harder with age and is difficult to remove. ; 

It seems that a great deal of trouble has been found in handling 
fusing coals in a rotary retort, because they stick to the walls and 
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build up a thick heat-insulating layer. To avoid this difficulty, 
recourse has been had to various mechanical and chemical devices. 
Thus, Hutchins introduced a star-shaped breaker into his Fusion 
process to chip the coke from the inner walls, while the K. 8. G. 
process destroys the sticking quality by preheating the coal before 
carbonization. No serious mechanical difficulties are encountered 
in carbonizing non-coking materials when in motion, but, because of 
the absence of binding resins, the residuum after distillation is pulveru- 
lent in nature and of little value as a fuel, unless further processed by 
briquetting or by pulverization. 

Another source of trouble in practice is the clogging of the raw coal 
feed pipes. This arises from the condensation of hydrocarbons or 
water vapor on the cool incoming coal to form a sticky paste. The 
Piron-Caracristi process partially remedied this difficulty by admis- 
sion of steam with the coal, but finally completely avoided it by 
projecting the feed pipe into the hot oven. This expedient was 
adopted also in the McEwen-Runge process, where the pulverized coal 
is introduced through pipes extending several feet into the carboniza- 
tion shaft. 

In those processes in which molten lead is used as the heating 
medium, Caracristi (256) reports that there is no difficulty in holding 
the bath of lead in a refractory structure. Except for mechanical 
defects, such as cracks, bricks, which had been in use over a period 
of several months, showed no indication of lead infiltration upon 
examination. Furthermore, the loss of lead may be effectively pre- 
vented by a judicious location of traps and cooling pipes. 

Moving metallic parts, especially those made of cast-iron, which 
are subjected to high temperature, such as chain conveyors, are sub- 
ject to growth. This subject will be treated more fully later, but it 
should be pointed out that some provision must be made for taking 
up the slack or bringing the moving parts into register. 

McEwen and Runge depend upon convection to transfer the heat 
from their recirculated hot gas to the pulverized coal particle. Gen- 
try (208) has pointed out that the transfer of heat by convection in 
such circumstances is a function of a power of the relative velocity 
of the fluid and the particle. The laws of falling bodies in non- 
vortical fluids are well known and it is safe to conclude from them, 
even for a case of turbulent flow, that there are certain definite ~ 
limits to heat transfer between a particle and a gaseous fluid in motion 
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at certain gas velocities, due to the reduction to zero of the relative 
velocity of particle and fluid. This sets a maximum limiting velocity 
of gas circulation, which depends, among other things, on the size of 
the particles, density of the gas, etc., beyond which the efficiency 
of heat transfer is reduced and beyond which difficulties will be 
encountered with the gas carrying the pulverized coal out of the re- 
tort. One very important aspect of low temerature carbonization 
in pulverized form is found in the fact that, both by convection and 
radiation, heat transfer depends directly upon the area of the absorb- 
ing body. Consequently, carbonization of small particles should 
and does effect an enormous reduction in the time of distillation. 

In the early days of low temperature carbonization, the first at- 
tempts to develop a continuous process naturally led to an internal 
spiral conveyer. Most of these efforts utterly failed, because the 
inventors could not prevent the charge from plugging in the retort. 
The Greene-Laucks process seems to have successfully surmounted 
this difficulty, and probably the provision for heating the inner sur- 
face of the screw has a great deal to do with elimination of this trouble. 
In the Marshall-Easton process, which also uses internal spiral 
conveyors, the problem has been solved in an ingenious mechanical 
way by providing a nest of interlocking spirals, so that no rotary 
motion whatever is imparted to the charge, which moves only ver- 
tically through the retort. 

Rotary retorts have received a good deal of attention in Germany, 
where several large-scale plants have been in operation for a number 
of years. Rotary retorts, heated externally or internally, have 
certain well known advantages. In the first place, they are con- 
tinuous processes and avoid high maintenance, inevitably associated 
with a discontinuous process, where the retort is periodically heated 
and cooled. Furthermore, the rotary retort permits bulk treatment 
of the charge, which requires less handling and correspondingly lowers 
the cost of processing per unit of throughput. The constant tumbling 
of the charge during carbonization assists heat transfer enormously 
by presenting fresh surfaces to the hot wall, in the case of external 
heating, and to the hot gas, in the case of internal heating. As a 
consequence of this stirring up of the coke, heating is very uniform 
and likewise the volatile content of the semi-coke. On the other 
hand, there is a great diversity in the size of the lumps of semi-coke 
produced. Some pieces are very large and must be broken, others 
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are just right for domestic use, and there is a relatively large amount 
of breeze, which must be briquetted for the market. Many experi- 
menters with rotary retorts, however, have had a good deal of trouble 
with dust raised in the retort by the tumbling charge and carried 
over into the tar main by the gas. This reduces greatly the value of 
the tar and causes much trouble in the by-product plant. In certain 
instances, even after the installation of special dust-catchers, 2 per 
cent dust was carried over into the tar. 

Design of Retorts. Despite the basic simplicity of the low 
temperature carbonization process, reduction to practice in com- 
mercial installations introduces a number of complications of a serious 
nature. Caracristi (256) summarizes them as follows: 

(1) The necessity for large tonnage throughput, per unit of time 
and cost. . 

(2) Low heat conductivity of coal in mass. 

(3) The difficulty of constructing an apparatus in which heat 
losses are minimized to a point where heat input in not prohibitive. 

(4) The formation of gases which condense even at relatively high 
temperatures into sticky resins or tars. 

The use of any structures similar in design to those employed in 
high temperature distillation is entirely precluded in primary car- 
bonization by the first two difficulties listed above. It is necessary 
to design the structure in such a manner that the evolved gases pass 
from their point of origin to a region no higher in temperature than 
that at which the gases were evolved, in order to prevent cracking 
them. At the same time, it is equally important to prevent their 
passage into regions which are cool enough to cause their condensa- 
tion, a condition which injures the oils through redistillation, as 
they trickle again into the hot zones, and a condition which tends to 
block the operation of the retort by formation of a pasty mass. 

Caracristi (256) apparently believes that the third factor listed 
above is the dominating problem in low temperature carbonization. 
Unless due effort is made to reduce heat losses, their cost may reach 
a value which will entirely outweigh the gain in value of the recovered 
by-products. Reduction of heat loss can be accomplished by proper 
thermal insulation or by an increase in plant throughput at a given 
temperature. The only effective heat is that which goes into the 


charge and a large part of this is carried away as sensible heat of the 
products. | 
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The fourth consideration, that of the formation of sticky resins, 
creates an operating situation which is difficult to overcome in com- 
mercial practice. The sticky property of coals, of course, disappears 
with the volatile content, so that the trouble from this source decreases 
in a given coal as coking proceeds. 

We have witnessed in Chapter VI the variety of structures of 
widely different design in which low temperature carbonization has 
been effected. These structural differences arise from an under- 
standing of the fundamentals of the coking process and from ingeni- 
ous solutions of its various problems, particularly those of dealing with 
fusing coals, of securing the necessary heat transfer, and of obtaining 
a high throughput. The first of these problems has been discussed 
already under the subject of operation of retorts. The question of 
heat transfer has more or less resolved itself into the principle of 
external heating in thin layers, the principle of internal heating, or 
the principle of stirring the charge. These problems have been 
discussed at various times, particularly under the subjects of heat 
transfer and of internal and external heating in Chapter I. The 
retort throughput obviously depends upon the method of heating 
and resolves itself into multiplication of small units, in the case of 
heating externally by the principle of carbonization in thin layers, 
or mass distillation, in the case of internally heated or of rotary 
retorts. 

Mass throughput requires continuous operation. As pointed out 
before, so long as the fuel is shale or other non-coking material, no 
trouble is experienced with moving parts, but the swelling and sticking 
of caking fuels renders the retort inoperative and is a difficult property 
of coalto surmount. Since the production of a domestic fuel requires 
the manufacture of a coherent product, this type of fuel is the class 
most usually met in practice. According to Simpkin (257), con- 
tinuity of operation has been effected in low temperature carboniza- 
tion processes in the following manners: 

(1) Retorts constructed upon the principle of the tunnel kiln with 
provision to transport the coal through the carbonization chamber 
in suitable containers. 

(2) The vertical shaft retort in which the charge is transported 
through the carbonization chamber under its own weight. 

(3) Retorts in which the charge is transported by rotation of the 
structure itself. 
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(4) Retorts in which the fuel is transported by agitation from in- 
ternal mechanical devices. 

Intermittent working is severe on metal retorts, which grow hot 
when empty and thereafter cool rapidly when filled by the incoming 
charge. A semi-intermittent operation, accomplished by dropping 
the charge of vertical retorts a few feet at a time, such as was adopted 
in the Fuel Research Board narrow vertical retorts, apparently 
provides a satisfactory compromise. 

It has been observed that much enterprise and ingenuity has been 
expended by those responsible for the development of the various 
low temperature processes and naturally the question arises as to 
which method is the most satisfactory. Due consideration must be 
given to a number of factors in reaching such a decision, as outlined 
by Simpkin (257): 

(1) The character of the material to be processed. 

(2) The relative importance attached to the products of carboni- 
zation. 

(3) Efficiency, reliability, and simplicity of the method. 

(4) The initial and operating costs per unit of throughput 

In consideration of the potential fuel resources residing in the great 
variety of carbonaceous materials, ranging all the way from mine 
refuse and shales to high grade bituminous coal, designers of low 
temperature plants have been justified in constructing certain retorts 
with the intent of treating only one variety of material. At the same 
time others have set for themselves the more ambitious task of design- 
ing a retort of greater flexibility in the type of materials which it 
can treat. 

The solid residuum from the distillation of shales is practically 
worthless, while that from colliery refuse is of doubtful value. In 
certain circumstances the residuum from carbonization of the latter 
might be used as a producer fuel. With such materials as these, the 
best process is one which gives special attention to the production of 
tar and gas. On the other hand, when the object in view is to proc- 
ess better grades of fuel to extract their by-products or to modify 
the nature of the solid material, the selection of the best process 
would rest upon the special character ascribed to the various products, 
means at hand for their disposition, and finally the market condition 
for by-products in that locality. Obviously, if the primary object is 
the production of a domestic fuel, no process can be considered which 
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delivers the semi-coke for the most part in a finely divided form. On 
the other hand, if the purpose of carbonization is the production of a 
power char, less discrimination can be made in the selection of the 
raw fuel for distillation and the delivery of the finished product in a 
finely divided state may be more of an asset than a deterrent to the 
process. If the solid product is desired in a firm or lumpy condition, 
there is little doubt that the oven type of retort is the best, but, if 
throughput of material is the first consideration, without regard to 
the conditions of the semi-coke, either the vertical shaft or rotary 
retort should be given preference. It has already been pointed out 
in Chapter VI, under the subject of adaptability of processes, that 
no single retort will yield a maximum of even two of the most 
important products. The production of large yields of oil is ordi- 
narily accompanied by a friable coke, and likewise, if a large volume 
of gas is wanted, the coke is somewhat less desirable and the oils are 
low both in quantity and quality. 

The economic efficiency of a retort resides not alone in its thermal 
efficiency. The most desirable process for the treatment of a given 
fuel to yield predetermined products of known relative importance is 
that which delivers the semi-coke, tar, and gas at the minimum cost 
per unit. Thermal efficiency is, of course, a factor in the attainment 
of this end, but of even greater importance is the reduction of overhead 
and operating costs. Simplicity of design will usually contribute not 
only to a minimum initial expenditure, but to reduction of operating 
expense, through elimination of maintenance and attention that is 
required in more complicated operations. On the other hand, the 
extra capital requirements to effect continuity and automatization 
will often be more than offset by savings in the cost of labor. 

Evans (84) conducted a comprehensive series of experiments to 
determine the nature of the carbonization of coal at high temperatures 
in vertical retorts. His work is of equal interest in low temperature 
carbonization, because particular attention was given to the inward 
movement of the plastic layer and its effect on the path of travel of 
the gases. We have already seen in Chapter I, under the subject of 
plastic layer, that coking coals fuse somewhere in the vicinity of 
400°C. and form a plastic zone which progresses towards the center 
of the retort as coking proceeds. It was demonstrated that this 
plastic layer was approximately one inch thick and that its resistance 
to the flow of gas was of an order several thousand times that of raw 
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crushed coal and several hundred times that of medium temperature 
coke. Evans found that the maximum pressure developed shortly 
after the passage of the plastic layer, at a temperature of roughly 
425°C., and that the coke solidified shortly thereafter at approxi- 
mately 440°C. 

According to Evans (84), the difference in pressure across the 
plastic layer is dependent upon the percentage of voids in the charge 
and, therefore, upon the size to which the coal is crushed. Thus, he 
found a difference in pressure equal to 60 inches of water, when using © 
an unscreened coal with a small percentage of voids, and a pressure 
difference of about 20 inches of water, when a screened lump coal, 
containing a large percentage of voids, was used. He made the 
remarkable observation that the resistance of gas flow was dependent 
upon its direction. Thus the pressure difference between two points 
about 5 inches apart was:30 inches of water, when the gas flowed 
across the plastic zone towards the core of the retort, and 40 inches 
of water, when the direction of flow was towards the retort wall. 
This shows that the plastic layer is more resistant to gas flow when 
backed by coke than when backed by green coal. 

While in the past there has been a good deal of difference of opinion 
as to the relative quantities of the volatile products which pass up- 
ward inside and outside of the fusion zone, this question seems to have 
been pretty well established by Evans’ experiments (84). Since it 
is evident that the flow of gas will follow the path of least resistance, 
due consideration must be given to the character of the original 
coal in determining whether the gas passes through the cold core of 
green coal or through the hot ring of semi-coke. Obviously, the 
coarser the raw coal and the greater the voids, the greater will be the 
proportion of the volatile products which pass upward through the 
core. In high temperature carbonization Evans estimates that 
roughly 90 per cent of the gas is evolved after passage of the plastic 
condition. In low temperature carbonization, probably 25 per cent 
of the gas is evolved inside of the plastic envelope and 75 per cent 
outside. In addition to the amount of gas liberated in the respective 
regions, the quantity which is removed by the different passages 
depends upon their relative resistance. At the beginning of distilla- 
tion, the area within the plastic envelope is large and the area of the 
annular passage through the semi-coke is small, so that the resistance 
to gas flow is roughly inversely proportional to the area of the pas- 
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sages. Consequently, some of the gas liberated outside the plastic 
envelope breaks through the fusion zone and escapes through the 
core. As carbonization progresses, the inner passage becomes smaller 
and the outer passage correspondingly larger, so that a smaller and 
smaller percentage of the gas flows thorugh the plastic zone and out 
through the core passage. During the first 3 hours of high temperature 
carbonization, Evans (84) found that approximately equal quantities 
of the volatile products passed outward through the raw coal and 
outward through the coke, but, after that period, flow through the 
interior practically ceased. In low temperature externally heated 
vertical retorts, it is estimated that approximately half of the gas 
takes each passage. As the fused layer migrates inward, the region 
of maximum pressure, which is always outside of the plastic envelope, 
follows, but the distance between the two regions constantly becomes 
smaller. In general, the maximum pressure decreases in value as it 
moves towards the core and finally drops rapidly when the plastic 
envelope reaches the center and disappears. 

In vertical retorts, a certain taper is necessary to facilitate discharge 
of the coke. Evans (84) has pointed out the very interesting fact 
that, for a retort of given area and given taper, there is a given rate 
of heating which will permit the plastic layer to reach the center of 
the retort at the bottom before it does so at the top. If this rate of 
heating be exceeded, the fusion layer will close first at the top of the 
retort and trap all volatile products inside of the plastic envelope at 
the bottom. This causes enough pressure to build up to force the 
gas through the fusion zone into the free passage outward through 
the hot coke. It might also be pointed out, that the resistance to 
flow of gas along the retort walls, as compared to that through the 
core, is greater at the bottom of a vertical retort than at the top. 
As a consequence, a larger percentage of the volatile products which 
are evolved at the bottom of the retort will flow through the core, 
than is the case for those evolved at the top. 

In the design of low temperature retorts, it is well to bear in mind 
the various stages in which carbonization proceeds. These have 
been outlined by Fulweiler (258) as follows: 

(1) A preliminary decomposition which begins as soon as the coal 
has acquired a certain fairly definite temperature. As this stage is 
quite strongly endothermic and approaches a fusion, the temperature 
remains fairly constant until completion. 
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(2) The products from the first stage, consisting principally of 
higher members of the aliphatic hydrocarbons, suffer considerable 
molecular rearrangement. In general, compounds containing less 
than three atoms of carbon are formed. This stage may be regarded 
as a continuation of the simplification in which every distillation 
results. 

(3) The gaseous vapors, resulting from the second stage, when 
evolved from the protecting influence of the actual coal particles, are 
acted upon by the conducted and radiant heat of the more highly 
heated portions of the charge proper, of the sides of the retort, and 
of the superheated regions above the coal. 

The first two stages take place more or less simultaneously within 
the charge itself. The reactions which take place in the third stage 
are very complicated, depending, as they do, upon the time of expo- 
sure and upon the temperature. We have seen in the foregoing 
chapters, that the mechanism of the third stage consists of the 
splitting up and breaking down of the aliphatic hydrocarbons and 
their reunion into complex carbo-cyclic compounds. The benzene 
hydrocarbons may be further decomposed with the liberation of 
hydrogen and carbon and the formation of still higher cyclic deriva- 
tives. It is the third stage of distillation that is tremendously 
affected by the method of carbonization and, therefore by the con- 
ditions under which it occurs. 

Fulweiler (258) has also listed the six factors which influence 
carbonization. These general conditions are as follows: 

(1) Size of the coal particles. 

(2) Moisture content of the coal. 

(8) Temperature of carbonization. 

(4) Volume ratio of charge to retort. 

(5) Time of carbonization. 

(6) Pressure permitted during carbonization. 

All of these conditions can be simplified into the three effects of time, 
temperature, and pressure by tracing them back to their origin. In 
the foregoing chapters, each of these factors has been treated at 
length, as have others indirectly derived from them. 

Materials of Construction. It is of historic interest to note, 
that the gas industry was born in a metallic retort, for Murdock’s 
first efforts were confined to the use of a cylindrical iron pipe. Since 
gas was the primary product in the early days of the carbonization 
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industry, progress in the art naturally led to higher and higher tem- 
peratures, until the shortcomings of metallic retorts became so 
conspicuous that they were entirely superceded by those made of 
refractory materials. As regards the preferability of refractory or 
of cast-iron retorts, Lander and McKay (186) see no basis of superi- 
ority of one above the other, all things being taken into consideration. 
However, two particular advantages can be associated with a metallic 
retort: first, its excellent heat conductivity and high thermal diffu- 
sivity, thus giving better thermal efficiency to the process and reduc- 
ing the period of carbonization by virtue of the high rate of heat 
transfer; and, second, the facility with which the system can be kept 
gas-tight. Its one drawback is the ease with which a metallic retort 
can be injured by overheating. The advent of low temperature 
carbonization again made their use a possibility and brought into 
prominence the great advantages of metallic retorts, as compared 
with those built of refractory. Of course, this applies only to exter- 
nally heated processes and it cannot be said for internally heated 
processes that metal has any superiority over refractory as a material 
for the construction of carbonization chambers, aside from the con- 
sideration of leakage. 

As a criterion by which to judge the speed of heat transfer through 
the retort, the thermal diffusivity is more important than the thermal 
conductivity in low temperature carbonization, where the periods of 
heating are relatively short. This is especially true in the case of 
intermittent processes. The truth of this fact can be made clear by 
the following considerations. The general case of simple linear 
propogation of a thermal disturbance is represented by Fourier’s law 
of linear diffusion: 


aT @2T, 
rm =k ae [26] 


where « is the diffusivity of the substance; 7’, the temperature; t, the 
time; and z, the distance within the material. In general, this equa- 
tion cannot be solved for any but the simplest cases, so that the 
solution for such a complex shape as a retort is quite beyond possi- 
bility for practical application. Fourier’s law of diffusion is worthy 
of consideration, however, from the standpoint of heat transfer, 
because it demonstrates that the diffusivity of the material is the 
physical constant which is of importance during the process of heating 
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up the retort, rather than the thermal conductivity, which is the 
limiting factor only after the steady state of heat transfer has been 
attained. Of course, the diffusivity is itself related to the thermal 
conductivity in the following way: 
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where k is the thermal conductivity; c is the specific heat of the 
material; and p is its density. When, however, the steady state of 
aT pu) 

heat transmission has been reached, then Fa 0, which is to say, that 
the temperature gradient within the retort wall is uniform. Under 
this condition, Fourier’s diffusion equation can be solved to give the 
well known equation for the quantity of heat, Q, flowing between two 
parallel isothermals at temperatures, 7, and T., respectively: 
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where A is the area considered perpendicular to the direction of heat 
flow, and x is the distance between the two isothermals. It will be 
recognized that this is the integrated form of Newton’s law given in 
Chapter I, Equation [11], under the subject of heat transfer. 

We can now summarize with the statement, that, in the transient 
thermal condition, the greater the diffusivity of the material, the 
faster is the propagation of temperature by conduction, and, in the 
steady state, the greater is the thermal conductivity of the material, 
the higher is the heat transfer. The diffusivity of cast-iron is roughly 
forty times greater than that of fireclay. The thermal conductivity 
and, hence, the diffusivity is constant only in a limited sense. It has 
long been known that both of these properties are functions of the 
temperature, as will be shown later. 

Aside from such materials as carborundum, which is occasionally 
employed for special purposes in the construction of carbonization 
plants, the refractories ordinarily used fall into three classes: fireclay 
brick, which contains not more than 75 per cent silica; siliceous brick, 
which contains 80 per cent to 92 per cent silica; and silica brick, which 
contains over 92 per cent silica. Their respective properties differ 
materially. The fireclay or aluminous retorts are usually made from 
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a mixture of plastic fireclay, flint fireclay, and “‘bats,”’ while siliceous 
retorts are composed of a ganister with clay asa binding agent. All 
refractories should be fired at a temperature higher than will be 
reached in practice, so that there will not be excessive shrinkage or 
expansion with use. This is a point which requires little attention 
in low temperature carbonization, so long as the bricks are well fired 
for high temperature work. 

Refractory retorts may be of several types: the one-piece hand- 
molded, machine-molded or cast retorts, and segmented retorts. 
The molded retorts are usually built of fireclay, while the segmental 
retorts may be built of shapes made of aluminous fireclay, of sili- 
ceous, or of silica material. Their thickness varies generally from 2.5 
inches to 4 inches. They should be able to withstand abrasion, as the 
deposits of carbon and ash which accumulate are usually removed by 
scraping and scurfing the refractory. Fireclay has the disadvantage, 
compared to the other materials, of being especially susceptible to 
the corrosive action of salt in the coal. 

According to Cole (259), molded retorts tend to crack after they 
have been in use a short time, due to the absence of joints to relieve 
heat strains which have been set up. On the other hand, the joints 
which are provided in segmental retorts permit full adjustment to 
the temperature conditions and prevent distortion. If the shapes 
are properly jointed and cemented, it cannot be said that the segmen- 
tal retorts are subject to any greater leakage than moulded retorts. 
The gas-tightness of the joint is further improved by the deposition 
of carbon by cracked hydrocarbons. The segmental shapes should 
also be designed to give maximum strength to the wall structure. 
Porter (260) has noted that joints in the retort wall offer a relatively 
high resistance to heat transfer, to such an extent that considerations 
of thermal conductivity of different retort materials become of lesser 
importance when joints are present. 

The requirements for a refractory cement, as established by Gill 
(261), are that it must be highly refractory, non-contracting, chemi- 
cally inert at the working temperature, and must be capable of main- 
taining gas-tight joints. In addition to these qualities, it should have 
good adhesive and plastic properties. Generally, the more nearly 
alike are the brick and the cement, with respect to both their chemi- 
cal and physical properties, the more satisfactory will be the result. 

American silica bricks contain as much as 98 per cent silica, which 
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is somewhat higher than that found in European samples. Silica 
brick has a considerably higher thermal conductivity and diffusivity 
than most other refractory materials, as will be shown later, although 
this question has been one subject to controversy in the past. It is 
usual to attribute the greater average coking rate and throughput 
per oven in American high temperature practice to this property of 
silica refractories, which are so extensively used in the United States. 
However, Porter (260) feels that this is due more to the low degree of 
distortion and thermal expansion of this material, which allows the 
ovens to be operated at a higher temperature, than to the higher rate 
at which it transmits heat. As far as low temperature carbonization 
is concerned, it will be presently seen that the high diffusivity of 
silica brick gives it a great advantage over most other refractories 
and its comparatively great strength gives an additional advantage 
in permitting the use of thinner walls. These advantages, however, 
are in part offset by the tendency of this material to spall when sub- 
jected to frequent temperature changes, especially those at low 
temperatures. 

Cole (259) points out that, when steam is introduced into vertical 
retorts, erosion occurs in both fireclay and quartzite or siliceous retorts, 
but not in those constructed of silica material. The action is similar 
to spalling, which is generally considered to be the cause of the failure, 
although some authorities attribute it to a chemical reaction. 

In addition to their use in the retort proper, refractories play an 
important part in thermally insulating the retort setting to prevent 
heat losses. The heating gas, consumed in carbonization, is con- 
served in proportion as the losses by radiation and convection are 
reduced. Aside from the increased thermal efficiency gained thereby, 
working conditions are made more comfortable for the men employed 
in operating the plant. Brick of a porous non-conducting nature, 
or diatomaceous earth, either in the form of bricks or powder, are 
usually employed for purposes for insulation. The use of refractories 
is also extensive in the construction of regenerators, combustion 
chambers, and other elements of the heating system, but this subject 
will be treated later under the discussion of heating of retorts. 

Refractory Retorts. Chief among the characteristics of re- 
fractories, which are used in the construction of ovens, should be 

‘immunity to injury from sudden fluctuations in temperature and free- 
dom from volumetric changes. For general construction purposes, 
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grog bricks, composed of a mixture of fireclay and grog, or silica bricks 
of moderate porosity and high refractoriness, which have been well 
burnt to prevent excessive expansion when in use, are perhaps the 
most suitable. Siliceous refractories have an advantage over fire- 
clay material for combustion chamber construction, in that higher 
temperatures can be used. With bricks of this type, temperatures 
of 1850°C. can be worked continuously. With few exceptions, fire- 
bricks will show signs of squatting at 1325°C. and siliceous bricks at 
1400°C., when loaded to 50 pounds per square inch. In actual prac- 
tice, however, the load on the refractory will seldom exceed 30 pounds 
per square inch. Silica bricks can be used continuously at 1450°C., 
or even higher. As far as internally heated low temperature carbon- 
ization processes are concerned, these are considerations of great im- 


TABLE 116 
Physical properties of common refractories 


MATERIAL 
PROPERTY - 


Fireclay Siliceous Silica 
Refractoriness (no load)............ 1650°-1670°C.| 1650°C. |1670°-1690°C. 
Refractoriness (load = 50 pounds 
mMerisquare Meh)... sess etka ee BPA OP 1400°C. 1600°C. 
POTOSI enema rcy aie teeitarstye sete icle 18-30% 34-37% 25-35% 
True specific gravity...............- 2.6-2.7 2 45-2 .55 | 2.33-2.40 
Apparent specific gravity........... 1.9-2.1 1.6-1.63 | 1.6-1.7 


Linear expansion (15° to 1000°C.)...| 0.5-0.6% 0.7-0.8%| 1.0-1.25% 


portance, but the temperatures are so low in externally heated retorts 
that no particular weight need be attached to questions of re- 
fractoriness, except in certain parts of the combustion chamber which 
are likely to become excessively heated. 

Some of the physical properties of the refractories which are com- 
monly used in the construction of coke ovens are summarized in 
Table 116, after Gardner (262). Except in the instance of silica 
brick, it should be observed that the difference in refractoriness of the 
various bricks under their own weight and under a load of 50 pounds 
per square inch is very great, approaching as much as 300°C. Con- 
sequently, the test of a material for refractoriness, unless it be made 
under loaded conditions, is of little value when used for purposes of 
design. The high rigidity of silica is due in part, at least, to the purity 
of the rock used in its manufacture. 
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Searle (263) admits that it is controversial whether fireclay or silica 
materials are to be preferred in the construction of coke ovens. 
Their relative advantages and disadvantages are numerous. Unless 
exceedingly well burnt, fireclay refractories contract in use and are 
liable to crack, while silica refractories, on the contrary, tend to 
expend and must be very carefully heated during the initial stages of 
starting up, as well as during any subsequent temperature fluctuations 
below 600°C. On the other hand, silica materials are less likely to 
fail from overheating than those of fireclay, because they do not 
soften until very near the fusion point. In addition, the former are 
less subject to the corrosive action of salt and ash in the coal. In the 
past, there has been some question as to whether silica refractories 
have better thermal properties than those of fireclay. Later, it will 
be shown that, while at low temperatures there is in reality not a great 
difference, at higher temperatures the thermal conductivity and 
diffusivity of silica brick are considerably greater. 

Gardner (262) states that aluminous, siliceous, and silica refractories 
are all capable of withstanding the rapid fluctuations in temperature 
which are occasioned by the introduction of wet coal into a hot retort. 
In silica materials, there is a certain range of temperature, whose 
upper critical point is in the vicinity of 600°C., where there is a great 
expansion for a relatively small increase in temperature. Below this 
critical point, which is well within the limits of low temperature 
carbonization by external heating, silica refractories are liable to 
suffer severely from spalling. For that reason they are not recom- 
mended for use in retorts operated intermittently at temperatures 
below 600°C. When the temperature is maintained as high as 
1000°C., however, sufficient heat is stored in the material to prevent 
its temperature falling to the critical contraction point when the 
retort is charged. In any event, the material should be well burnt 
and its porosity should be such as to give good mechanical strength. 
Silica brick, which are soft-burnt and which contain a high percentage 
of quartz and a poorly developed bond, spall less readily than hard- 
burnt bricks. When used at high temperatures, however, or when 
accidentally overheated, soft-burnt silica bricks expand greatly and 
distort the structure. For that reason, it is better to use a well 
burnt refractory and choose a material less subject to spalling. 

Harvey and McGee (264) investigated the problem of abrasion in 
silica brick. Where the product of only one manufacturer was 
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concerned, they found that the resistance to abrasion was inversely 
related to the porosity of the sample. However, for silica brick in 
general, they were able to find no particular connection between any 
characteristic property of the brick and its resistance to abrasion, but 
they concluded that it was influenced by any, or all, of the following 
factors: porosity, degree of burn, quality of ganister used as a raw 
material, percentage of lime used as a bond, and workmanship. 

The action of salt is commonly regarded as one of the causes of 
trouble with refractories. This is not of importance in low tempera- 
ture carbonization, when externally heated retorts are used, because 
the sodium chloride present in coals, often to the extent of 0.5 per cent, 
does not begin to volatilize until about 800°C. is reached. However, 
in internally heated processes by the method of partial gasification, 
as in the Maclaurin process, where the coal passes through an incan- 
descent zone, this may be a matter of consequence. 

An explanation of salt erosion, as given by Gardner (262), is that 
the volatilized sodium chloride mixes with the gas in the retort and is 
further decomposed, at least partially, into sodium carbonate and 
hydrochloric acid by reaction with carbon dioxide and water vapor. 
This reaction has already been discussed in Chapter V, under the 
subject of rate of ammonia decomposition. These vapors do not 
attack the surface of the brick, but penetrate the material to some 
extent and the corrosive vapors are deposited in the pores. The 
depth at which the reaction takes place depends upon the temperature 
within the refractory. The sodium carbonate fumes react with the 
alumina and silica to form sodium aliminum silicate. This compound 
has a low melting point and tends to convert the refractory to a 
porous and friable mass, which disintegrates rapidly if the salt action 
is. serious. In turn, the hydrochloric acid reacts with iron in the coal 
ash to form ferric chloride, which also penetrates the refractory, and 
decomposes to deposit iron oxide within the pores. The iron oxide 
tends to increase the fluxing action by combining with the sodium 
aluminum silicate. In the case of operation at low temperatures, 
the alkali fumes cause the refractory surfaces to become crazed after 
several years of working, but this action rarely interferes with the 
operation of the retort until disintegration begins to occur. 

A large amount of finely divided ash is carried over into the com- 
bustion chamber from the gas producer which is used to furnish gas 
for heating the retort. This hot ash exhibits a high affinity for re- 
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fractories which contain more than a small percentage of alumina. 
At high temperature, this causes rapid slagging, especially if the 
material is one of a porous nature. As far as the retort itself is con- 
cerned, this slagging action of molten ash is not of great importance 
in low temperature plants, because the temperatures are kept at a 
minimum. In certain parts of the combustion chamber, however, the 
refractories are exposed to injury from this source. This is also true, 
in particular, for those low temperature processes in which heating by 
partial gasification is adopted, for here the fine particles of hot ash 
come in direct contact with the brick lining of the carbonization 
shaft. The extent to which ash slagging of the refractory takes place 
depends greatly upon the nature and composition of the material. 
In this respect, silica bricks seem to stand up better than other types 
of refractories. Apparently, the absence of alumina, iron, and 
alkalies in this material, together with the large size of the silica grains, 
renders the attack of the ash much less severe. 

Quite a lot has been published on the disintegrating effect of carbon 
monoxide on brick containing iron oxide. This is of particular impor- 
tance in low temperature processes involving partial gasification. 
Booze (265) has pointed out two obvious solutions of this problem: 
first, the use of brick free from iron oxide and, second, the use of 
refractory which has been sufficiently hard-burnt to effect the union 
of iron with the slag to form silicate. It has been demonstrated, in 
the latter case, that disintegration does not take place, due either to 
the fact that the bricks are structurally stronger and able to with- 
stand the disintegrating action or to the fact that iron in the form of a 
silicate is no longer able to function as a catalyst for the action of the 
carbon monoxide. While it has been objected that refractories, 
which are burnt sufficiently to effect formation of iron silicate, are 
so brittle that they spall readily, it has also been maintained that 
this is not necessarily the case and, even if they do spall, the injury 
is not so serious as the disintegrating effect of carbon monoxide. 

Aside from aluminous, siliceous, and silica materials, there are many 
other refractories which are available for retort and setting construc- 
tion, but their cost or other peculiarities usually eliminate them from 
consideration. Carborundum bricks or shapes have many special 
advantages, particularly in the form of high thermal diffusivity and 
mechanical strength, but their initial cost is many times above that 
of fireclay products. Magnesite bricks, although highly desirable 


OPERATION, DESIGN, AND MATERIALS 273 


from the standpoint of their thermal properties, have not been satis- 
factory in coke ovens because of their tendency to spall. The 
practical question of cost is also a deterrent to the use of refractories 
made of this and such other materials as chromite and zircon. 

It is not good practice to use a single refractory throughout in 
setting construction, or even in the retort itself. By a prudent 
selection of materials, the contraction of one can be matched against 
the expansion of another, which, with proper arrangement of expan- 
sion joints, will prevent thermal distortion of the structure. It is 
best to segregate various sections of the structure and consider the 
requirements for the refractory in each location with respect to 
temperature, load, heat transfer, expansion and contraction, abra- 
sion, spalling, and salt and ash erosion. 

Leakage in refractory retorts is far more serious in low temperature 
than in high temperature carbonization practice for two reasons: 
first, because the temperature control is more important in the former 
and high calorific gas, permeating into the combustion chamber, will 
render proper temperature regulation impossible, and, second, because 
of the relatively small gas yield in primary distillation, escaping gas 
represents a far greater percentage loss. The size of the pores greatly 
affects the permeability of gas through refractories. There is a double 
advantage, therefore, in selecting material with fine pores, for not 
only does such a refractory have the minimum gas leakage, but also 
the maximum structural strength. 

Properties of Refractories. Data on the thermal conductivity 
of refractories and, therefore, on their thermal diffusivity are very 
scarce and, such as are available, are in great disagreement among 
the authorities. Wologdine (266) made some measurements which 
are often quoted, but they were not for a range of specific tempera- 
tures and were made on under-burnt refractories. For these reasons, 
they are open to such criticism that they will not be repeated here. 
Not only with regard to the absolute values of thermal conductivity 
is there great uncertainty, but much confusion also exists as to the 
relative heat conductivity of fireclay, of siliceous, and of silica 
refractories. Summarizing the situation, Gardner (262) concluded 
that, at moderate temperatures, there was probably very little differ- 
ence between any of them, but, at high temperatures, silica was 
undoubtedly superior to either fireclay or siliceous bricks. He 
attributes the high thermal conductivity of silica to a property of the 
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material itself, though probably assisted by radiant heat transmission 
through the relatively numerous and large pores of that material. 

The measurements by Dudley (267), as well as those by Dougill, 
Hodsman, and Cobb (268), apparently sustain the view taken by 
Gardner (262) that the thermal conductivity of silica is greater at 
high temperatures than that of other common refractories. In C. 
G. S. units, Dudley reported the following conductivities at 100°C. : 
fireclay 0.0016, quartzite 0.0020, and silica 0.0022; which increased 
at 1000°C. to: fireclay 0.0034, quartzite 0.0034, and silica 0.0043. 
He also gave the mean thermal conductivity of magnesite, between 
445°C. and 830°C., as 0.013. Analysis of the fireclay showed it to 
contain 52.9 per cent silica and 42.7 per cent alumina. The quartzite 
brick analyzed 73.9 per cent silica and 22.9 per cent alumina. For- 
merly, this brick was frequently used in by-product oven construction. 
The silica brick, which contained 95.9 per cent silica, is extensively 
used in by-product oven construction. The magnesite brick was a 
dead-burnt material, containing 86.5 per cent magnesite and 7.0 
per cent ferric oxide. 

Hersey and Butzler (269) examined a Georgia fireclay brick and 
reported a true thermal conductivity of 0.00187 at 370°C. and 0.00263 
at 910°C. Dougill, Hodsman, and Cobb (268) measured the mean 
specific conductivity of a number of materials over the range extend- 
ing approximately from 350°C. to 1350°C. The average of their 
results gave 0.0034 for fireclay, 0.0025 for siliceous, 0.0036 for silica, 
and 0.0124 for magnesite brick. They reported the true thermal 
conductivity of magnesite to be 0.0194 at 250°C., 0.0138 at 500°C., 
0.0107 at 750°C., and 0.0092 at 1000°C., thus showing a decrease in 
conductivity for this material as the temperature rises. The same 
authors found the true thermal conductivity for fireclay to be 0.0020 
at 250°C., extending linearly to 0.0040 at 1000°C. Dougill, Hods- 
man, and Cobb quote some data by Heyn and Bauer, which are 
approximately in agreement with their measurements. These deter- 
minations at 500°C. were: 0.0028 for fireclay, 0.0024 for silica, and 
0.014 for magnesite; and at 1000°C. they were: 0.0040 for fireclay, 
0.0046 for silica, and 0.0085 for magnesite. 

The disagreement of the measurements by Dudley (267), by Dougill © 
Hodsman, and Cobb (268), by Heyn and Bauer, and by Hersey and 
Butzler (269) may not be looked upon as serious, considering the 
difficult nature of the experiments, but the results of this group of 
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experimenters depart so much from the measurements obtained by 
Wologdine (266) and by Green, as hereafter described, that all data 
on the thermal conductivity and duffusivity of refractories at high 
temperatures must be accepted with caution. 

By far the most extensive data on thermal conductivity have been 
gathered by Green (270) (271) (272) (278). The curves in Fig. 73 
have been plotted from his figures, which should be used with care, 
since they are lower than those quoted above by other authorities. 
As the thermal conductivity depends greatly upon the texture of the 
material, a short description of each sample will be given. Sample 
1 and Sample 2 were magnesite bricks of very close texture. Sample 1 
had an apparent specific gravity of 2.56 and a true specific gravity of 
3.38, while those of Sample 2 was 2.63 and3.29, respectively. Sample 
3 and Sample 4 were of fireclay retort material. Sample 3 had a 
very close texture and evenly graded grog. Its apparent specific 
gravity was 1.91 and its true specific gravity 2.54. Sample 4 had a 
very open texture and unevenly graded grog. It contained an 
abundance of small fissures. The apparent specific gravity was 
1.85 and the true specific gravity 2.45. Sample 5 and Sample 6 were 
of fireclay brick. Sample 5 had a close structure with very few 
fissures and evenly graded silica grains. Its apparent specific gravity 
was 2.03 and the true specific gravity 2.46. Sample 6 had a very 
open texture and poorly adhering unevenly graded grog. Its ap- 
parent specific gravity was 1.92 and its true specific gravity 2.46. 
Sample 7 and Sample 8 were of silica brick. Sample 7 had a uniform 
close fine-grained texture, but it was quite porous and friable. The 
apparent specific gravity was 1.51 and the true specific gravity 2.20. 
Sample 8 had a very open texture with abundant large fissures. Its 
apparent specific gravity was 1.77 and its true specific gravity 2.31. 
Sample 9 and Sample 10 were from the same batch of siliceous brick. 
Sample 10 had seen long use in a coke oven, while Sample 9 was un- 
used. The texture of the unused material was very close. 

The thermal diffusivities for the same materials as illustrated in 
Fig. 73 are shown in Fig. 74, from the measurements by Green (270) 
(272). The C. G. S. unit used to measure thermal diffusivity is the 
rise in temperature in one cubic centimeter of material by one calorie 
in one second through one square centimeter of a layer one centimeter 
thick by a temperature difference of one degree Centigrade. It will 
be observed that the relative thermal diffusivities of the various 
materials have only slight similarity to their relative conductivities. 


276 TECHNOLOGY OF LOW TEMPERATURE CARBONIZATION 


The silica brick, used by Green (270), was of very poor quality, 
when judged from the standpoint of American practice. Silica 
bricks used in the United States contain a larger percentage of silica, 
are denser, and not nearly so porous. This undoubtedly accounts 
for the unusually low thermal values given for silica in Fig. 73 and 


catit 


Fia. 73. THERMAL CoNDUCTIVITY OF REFRACTORIES AS A FUNCTION OF 
TEMPERATURE 

1 = Magnesite: 87.9 per cent MgO; 24.5 per cent porosity. 2 = Magnesite: 
81.8 per cent MgO; 20.0 per cent porosity. 3 = Fireclay retort: 72.5 per cent 
SiO2; 24.5 per cent porosity. 4 = Fireclay retort: 67.1 per cent SiO2; 24.5 per 
cent porosity. 5 = Fireclay brick: 68.4 per cent SiO2; 17.3 per cent porosity. 
6 = Fireclay brick: 67.5 per cent SiO; 24.6 per cent porosity. 7 = Silica: 94.0 
percent SiO; 31.3 percent porosity. 8 = Silica: 95.4 per cent SiO2; 23.2 per 
cent porosity. 9 = Siliceous (unused): 81.1 per cent SiOz; 32.3 per cent 

porosity. 10 = Siliceous (used): 81.1 per cent SiOz; 26.5 per cent porosity. 


Fig. 74. That the thermal properties of refractories depend greatly 
upon the temperature at which they were fired has been observed by 
Wologdine (266) and has been confirmed by others. This is especi- 
ally true of silica brick, which has a remarkably low thermal con- 
ductivity when poorly fired. Green (271) concluded, regarding the 


OPERATION, DESIGN, AND MATERIALS 277 


relative thermal qualities of fireclay and silica products, that superior 
well-fired silica bricks are better heat conductors than those of 
fireclay below 800°C. and that most silica bricks, except those that 
have been ineffectively fired, are better conductors than fireclay at 
high temperatures. However, many silica bricks and firebricks have 
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1 = Magnesite: 87.9 per cent MgO; 24.5 per cent porosity. 2 = Magnesite: 
81.8 per cent MgO; 20.0 per cent porosity. 3 = Fireclay retort: 72.5 per cent 
SiO2; 24.5 per cent porosity. 4 = Fireclay retort: 67.1 per cent SiOz; 24.5 per 
cent porosity. 5 = Fireclay brick: 68.4 per cent SiO2; 17.3 per cent porosity. 
6 = Fireclay brick: 67.5 per cent SiO2; 24.6 per cent porosity. 7 = Silica: 
94.0 per cent SiOz; 31.3 per cent porosity. 8 = Silica: 95.4 per cent SiOz; 23.2 
per cent porosity. 9 = Siliceous (unused): 81.1 per cent SiO2; 32.3 per cent 
porosity. 10 = Siliceous (used): 81.1 per cent SiOz; 26.5 per cent porosity. 


equal conductivities at low temperatures. Even though magnesite 
has a high conductivity, its high specific heat and high density reduce 
its diffusivity and, in fact, make it notably less than that of other 
materials at high temperatures. The thermal conductivity of used 
siliceous brick is from 10 per cent higher at 500°C. to 22 per cent 
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higher at 1300°C. than that of the unused material. Although little 
change was observed in the specific gravity, Green (272) attributes 
this increase with use to alterations in the texture of the material 
by changes in its constitution and porosity. The thermal conduc- 
tivity of most all refractories, except that of magnesite, which is a 
particularly dense material, rises rapidly above 1000°C., probably 
because the transmission of heat by radiation across the pores of the 
material becomes sensibly appreciable, as compared with the heat 
transmission through the material by pure conduction. 
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Fig. 75. MEAN SpEcIFIC HEAT OF REFRACTORY AND FERROUS MATERIALS AS A 
FUNCTION OF TEMPERATURE 


The mean specific heat of refractories is a function of the tempera- 
ture, as may be seen in Fig. 75. The curves have been plotted from 
data determined principally by Wilson, Holdcroft, and Mellor (274), 
by Bradshaw and Emery (276), and by Dudley (267), supplemented 
by the data collected by Wilkes (15). It is interesting to note the 
small difference between the mean specific heats of silica and fireclay 
refractories. In all of the common refractory materials, the mean 
specific heat increases practically linearly up to 1000°C., after which 
there is an apparent falling off. Very few determinations seem to 
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have been published on the specific heat of carborundum, but Wilkes 
(15) reports a mean specific heat of 0.201 at 100°C. and 0.187 at 
1000°C. for this material, which seems to indicate that its heat 
capacity decreases with the temperature, as contrasted with the 
increase observed in other materials. 

Heretofore, the author has made frequent reference to the spalling 
of refractories, particularly of silica brick, without any consideration 
being given to the cause of this phenomenon. According to Searle 
(263), spalling is the tendency of refractories to flake caused by the 
appearance of numerous fine cracks when the material is subjected 
to frequent sudden heating. It naturally results in a reduction of 
strength of the material and finally is responsible for its complete 
failure by disintegration. The cause of these cracks is attributed to 
the sudden transformation of quartz into tridymite or cristobalite, 
due to its incomplete conversion during burning. This situation is 
particularly liable to occur when a flame plays directly on the re- 
fractory. It can be avoided by carefully heating the material 
gradually so that the conversion of the quartz to its other allotropic 
forms may occur slowly. Repeated heating of silica brick to 800°C. 
at a slow rate will reduce the tendency of the material to spall. 
Tridymite bricks are well known to spall less than those of quartz or 
of cristobalite, and this procedure favors the formation of tridymite. 
The average loss by spalling of a brick is about 30 per cent, but it 
varies directly with the fineness of the material. Consequently, 
a coarse-grained brick should be used where it is desirable to reduce 
spalling to a minimum, unless other properties possessed by such a 
material make its selection unwise. If properly manufactured, 
machine-made bricks spall no more than the hand-made ones. 

An example of the effect of rate of heating below 700°C. on the 
spalling of silica brick has been furnished by Ross (276), who found 
that the specimen invariably spalled when heated at the rate of 
270°C. in 20 minutes, 520°C. in 40 minutes, and 690°C. in 60 minutes. 
When, however, the rate of heating was reduced to 50°C. in 15 
minutes, up to 500°C., and 100°C. in 15 minutes, above that tempera- 
ture, spalling seldom occurred. He concluded, therefore, that the 
changes in the brick structure which caused spalling took place below 
500°C. 

The composition of all refractories consists largely of a mass of 
crystals which may have several allotropic forms, each of which is 
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stable only over a limited range of temperature. A large change in 
volume usually accompanies the inversion of one allotropic form 
into another and these changes are sharply defined on the expansion 
curve for the material. In this respect, silica is the chief constituent 
of refractories to be reckoned with. The curves in Fig. 76 give the 
linear thermal expansion of some common refractories, as determined 
by Norton (277). These data agree with the less precise measure- 
ments of Bogitch (278) for magnesite up to 1400°C. and for chromite 


up to 900°C. 
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Fig. 76. LINEAR EXPANSION OF REFRACTORIES AS A FUNTION OF TEMPERATURE 

1 = Silica. 2 = Magnesite. 3 = Chromite. 4 = Diatomaceous. 5 = 
Fireclay. 6 = Kaolin. 7 = Zirconia. 8 = Carborundum. 


The silica sample was cut from an ordinary commercial brick, con- 
taining about 97 per cent silica. Its thermal expansion rose rapidly 
to 1.09 per cent at 260°C., at which volume it remained constant 
until 620°C. was reached. The length of the sample then suddenly 
increased to 1.29 per cent. Since only about 5 per cent tridymite 
was present, there is no indication of inversion of that allotropic 
form of silica at 110°C. At 260°C., the conversion of a-cristobalite 
to B-cristobalite, together present to the extent of about 70 per cent, 
is clearly defined. Quartz was present in an amount approaching 25 
per cent and its inversion, at 610°C., is very sharp. Beyond 620°C., 


OPERATION, DESIGN, AND MATERIALS 281 


the brick contracted uniformly to about 1400°C. and then expanded _ 
rapidly to a maximum at 1525°C., due to the conversion of quartz to 
cristobalite. At about 1525°C., the brick again began to shrink and 
started to soften at 1700°C. 

The composite curve for kaolin is plotted from three samples fired 
at different temperatures, ranging from 1480°C. to 1620°C., and 
represents approximately the characteristic of a sample burnt at 
1500°C. The expansion of a kaolin brick, fired at 1430°C., is about 
21 per cent above the composite curve and that for a sample fired 
at 1620°C. is approximately 21 per cent less than the composite 
curve. Kaolin brick expands more or less uniformly up to about 
1400°C., beyond which a permanent shrinkage takes place. In 
general, it may be said that permanent contraction begins to appear 
just below the temperature at which the brick was burnt. There 
are slight irregularities in the expansion curve for kaolin, not shown 
in the composite curve, but these are unimportant and occur prin- 
cipally from inversions of small amounts of silica present as a bond 
or as an impurity. 

The composite curve for fireclay is constructed from four samples 
of brick from Missouri, Pennsylvania, Colorado, and Maryland. 
The specimen from Missouri contained 53.1 per cent silica, that from 
Pennsylvania 54.2 per cent, that from Colorado 62.6 per cent, and 
that from Maryland 62.3 per cent. Each individual sample departed 
more or less from the composite curve to the extent of perhaps 20 
per cent, at points, due to silica inversions. On the whole, however, 
the increase in linear expansion for fireclay can be considered approxi- 
mately uniform up to about 1000°C., beyond which there was a 
contraction in every case, except that of the Pennsylvania sample, 
which began to increase rapidly in length at 1250°C., finally reaching 
4.8 per cent expansion at 1600°C. The Maryland brick began to 
contract rapidly at 1000°C. and continued to do so until it fell to a 
total expansion of only about 0.11 per cent at 1400°C., beyond which 
it again increased in a manner similar to the specimen from Pennsyl- 
vania, reaching finally 2.2 per cent at 1600°C. 

The expansion of carborundum was almost linear, was less than 
that of the other refractories, and showed no sign of contraction up 
to 1700°C. The zirconia brick contained 27.3 per cent silica, which 
accounts for the fluctuations in its expansion curve. It will be 
observed that these variations are closely related to those in the 
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curve for silica brick. The general trend in expansion of the magne- 
site brick was a uniform increase up to 1440°C., after which an irrever- 
sible shrinkage occurred, due probably to inversion of periclase. 
Except for small irregularities, due no doubt to a small amount of 
free silica, the chromite brick expanded uniformly to about 900°C., 
beyond which there was a tremendous change in size up to 1000°C. 
Thereafter, there was a slow contraction up to 1500°C., after which 
a rapid contraction developed. The similarity of the diatomaceous 
earth insulating brick expansion curve with that of silica shows the 
former to be composed largely of that material. The insulating brick 
shrank rapidly beyond 1100°C. 

Silica bricks expand as much as 20 per cent of their original size 
when fired and this is accompanied by a reduction in specific gravity 
from about 2.60 to about 2.30. In fact, the specific gravity furnishes 
a good indication of the extent to which the brick has been burnt. 
This expansion is due to a conversion of quartz, whose specific gravity 
is 2.65, to the allotropic modifications of crystobalite and tridymite with 
specific gravities of 2.33 and 2.27, respectively. However, since the 
conversion is never complete, even though the brick be twice burnt, 
there is always a further permanent expansion which takes place 
during use and must be allowed for by providing expansion joints or 
openings at intervals in the brickwork. In practice, approximately 
0.25 inches per linear feet is allowed for this purpose. 

Norton (279) considers the tendency of a brick to spall as being 
directly proportional to its coefficient of linear expansion, other things 
being equal. Since this coefficient varies with the temperature, it is 
necessary to pick out the temperature at which spalling occurs. 
This has been determined as between 300°C. and 700°C. In the light 
of this theory, the curves in Fig. 76 fully account for the observation 
that silica and chromite spall very easily. 

The crushing strength of a refractory depends upon the amount of 
cementing material which has been fused during burning to bind the 
particles of the material together. The strength, consequently, is 
contingent upon the temperature and duration of the burn. When 
the refractory is subsequently heated intensely, a part of this cement- 
ing material fuses and lessens the strength of the brick, so that it 
deforms easily under load. We have already seen in Table 116 an 
illustration of the way the squatting temperature is reduced under 
load. Another example has been reported by Mellor (280), who 
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examined a number of British fireclays. In a number of samples, 
whose unloaded melting point average 1640°C., with a range extend- 
ing from 1580°C. to 1690°C., the average melting point under a load 
of 54 pounds per square inch was 1415°C., with a range of 1380°C. 
to 1435°C. When the load was increased to 72 pounds per square 
inch, the average fusion point was 1395°C., with a range of 1350°C. 
to 1395°C. Mellor has suggested that the relationship between the 


TABLE 117 
Crushing strength of refractories 


POUNDS PER SQUARE INCH 
MATERIAL Temperature 
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bending temperature, 7’, and the pressure applied may be represented 
by the formula: 


CW 


Ye ae [29] 


where 7 is the bending temperature without load; W is the pressure 
in pounds per square inch; and C is a numerical constant depending 
upon the clay, mode of manufacture, etc. 

There is much discrepancy between the crushing strengths of 
different samples of the same refractory, tested at various tempera- 
tures, as will be observed from Table 117. The data in this table are 
all taken from the measurements by Bodin (281), except those for 
the third sample of silica brick, which are by Le Chatelier (282). 
The variation between respective samples of a given material arise 
from such factors of manufacture as the kind and quantity of bond 
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used, firing temperature of the kiln, duration of burn, pressure used in 
molding, etc. Thus Sample 1 of bauxite was fired at 1500°C. and 
Sample 2 at 1300°C. The figures of Bodin are probably somewhat 
high for commercial bricks, as they were made on small test specimens. 
The crushing strength of common refractories decreases with rise in 
temperature up to about 800°C. Strange as it may seem, Bodin 
(281) found that thereafter the strength increases rapidly until 
approximately 1000°C. is reached, due probably to a transition in the 
structure of the material. Thereafter, the crushing strength falls 
rapidly with rise in temperature. Magnesite and chromite refrac- 
tories were exceptional, in that no increase in strength was observed 
between 800°C. and 1000°C. 

Metallic Retorts. In the past, cast-iron retorts were used ex- 
tensively in gasworks, as we have seen, but they were later sup- 
planted by refractory retorts for a number of reasons. For high or 
moderate temperature carbonization, the refractory retorts had the 
advantage of being cheaper, more durable, and more refractory, 
which is to say, that they were capable of operating without injury 
at a higher temperature. On the other hand, for such operating 
temperatures, clay retorts have one serious disadvantage, as compared 
to those of cast-iron, that is, they do not stand cooling down, in- 
variably contracting and consequently cracking. But neither is 
cast-iron perfect in this respect, as we shall see later, for it is subject 
to growth upon repeated heatings. As far as low temperature car- 
bonization is concerned, there are two big advantages to metallic 
retorts, such that, if other difficulties can be surmounted, they are 
vastly superior to refractories. As already pointed out, these ad- 
vantages are principally; first, the highly desirable thermal properties 
of metals, and, second, the absence of gas leakage. Of somewhat 
minor importance is the lesser retort breakage and the adaptability 
of metal retorts to the use of moving parts which may be used to 
effect the transportation and discharge of the material that is being 
carbonized. 

Case-iron retorts have certain advantages over other types of 
metallic retorts. In the first place, it is the cheapest metal, second, 
it is almost as strong as ordinary cast steel, within the temperature 
range of low temperature carbonization, third, it has excellent cor- 
rosion-resisting qualities, and, fourth, it lends itself to cheap quantity 
production. However, the designer of a cast-iron retort is con- 
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fronted with a number of difficult problems. In addition to the usual 
expansion, which can be provided for when designing the retort setting, 
and the problem of warping, which can be taken care of by strengthen- 
ing the retort with carefully placed ribbing and proper design of the 
setting to prevent local overheating, there is the question of the 
growth in cast-iron after repeated heatings, especially when super- 
heated steam is present. 

Carpenter (283) has demonstrated, as we shall see later, that cast- 
iron growth is greatest in castings of high silicon content and least in 
castings of low silicon. He attributes this to the fact that the silicon 
is present in the iron as iron silicide, which reacts with the graphite 
present to form oxidizing gases, which in turn attack the iron chemi- 
cally. Without the presence of graphite the silicon has no effect. 
Carpenter (284) fully recognized that, while there is little difficulty 
in getting suitable cast-iron to stand temperatures up to 625°C., it 
was another matter, and a very difficult one at that, to get a casting 
which would withstand use at 650°C. He suggested that the use of 
chromium as an alloy, in preference to manganese, was good practice 
in many such cases. 

The Fuel Research Board has had a rather successful experience in 
the use of mild steel retorts in their horizontal setting. Mild steel 
does not suffer from growth like cast-iron, but it is easily overheated 
to produce softening slightly above 600°C. Moreover, mild steel 
has a low elastic limit, within the temperature range used for primary 
distillation, and suffers a creep, after a time, at loads below the elastic 
limit. This creep has been particularly noted in low temperature 
rotary retorts, which have been supported on trunnions only at the 
ends of the heated cylinder. In such cases, there has been a creep, 
sometimes mistaken for growth similar to cast-iron, of sufficient 
magnitude as to cause the retort to become inoperative. This diffi- 
culty has been ingeniously overcome in the K. 8. G. retort by sup- 
porting the entire load from an inner cooler cylinder, as has been 
pointed out already in Chapter VI. 

Efforts have been made to discover ferrous and other alloys which 
would withstand usage at high temperatures and these investigations 
have in part been successful. There are a number of metals of various 
compositions which have the desired properties at elevated tempera- 
tures for primary carbonization retorts. Unfortunately, however, 
these alloys are all so expensive, at the present time, as to render 
their use entirely prohibitive from a commercial standpoint. 
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Properties of Cast-Iron. Principal among the properties of 
cast-iron is its tensile strength and the manner in which this charac- 
teristic varies with the temperature. One of the features to be 
observed in this metal is the fact that the change in tensile strength 
of cast-iron up to 850°F. is comparatively small. There are some 
indications of a maximum between 650°F. and 900°F. Above the 
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Fig. 77, TENSILE STRENGTH OF MALLEABLE IRON, SEMI-STEEL, AND Cast-IRON 
AS A FUNCTION OF TEMPERATURE 


1 = Malleableiron. 2 = Malleableiron. 3 = Semi-steel. 4 = Semi-steel. 
5 = Semi-steel. 6 = Semi-steel. 7 = Cast-iron. 8 = Cast-iron. 9 = Cast- 
iron. a= Annealed. b = As cast. 


latter temperature the metal softens rapidly and the tensile strength 
accordingly drops sharply. 

The curves in Fig. 77 give the tensile strength of cast-irons, as a 
function of the temperature, for a variety of different alloys from 
measurements by a numberof authorities. Specimen 1, after Schwartz 
(285), was a malleable cast-iron containing from 2.8 per cent 
to 3.5 per cent carbon and 1.1 per cent to 2.0 per cent silicon. Speci- 
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men 2 was also a malleable cast-iron from another source (286) and 
of unknown composition. Specimen 3 was a semi-steel of unknown 
composition (286). Specimen 4 was a semi-steel, as measured by 
Harper and MacPherran (287). It contained 1.84 per cent. silicon, 
0.106 per cent sulphur, 0.52 per cent phosphorous, and 0.64 per cent 
manganese. Specimens 5 to 7, inclusive, are after Campion and 
Donaldson (288). Specimen 5 was a semi-steel which contained 
2.8 per cent total carbon, of which 1.6 per cent to 2.0 per cent was 
graphite, and 1.1 per cent to 1.4 per cent silicon. Specimen 6, also 
a semi-steel, contained 3.1 per cent total carbon, of which 2.1 per cent 
to 2.4 per cent was graphite, and 1.3 per cent to 2.0 per cent silicon. 
Specimen 7 was a cast-iron which contained 3.0 per cent to 3.3 per 
cent total carbon, of which 2.7 per cent was graphite, and 1.1 per cent 
to 2.0 per cent silicon: Specimens 5a, 6a, and 7a, were all annealed, 
while specimens 5b, 6b, and 7b were all as cast. Specimens 8 and 9 
are for cast-irons from the results obtained by Smalley (289). Speci- 
men 8 analyzed 3.3 per cent total carbon, of which 2.8 per cent was 
graphite, and 2.2 per cent to 2.7 per cent silicon, while Specimen 9 
showed 3.7 per cent total carbon, with 3.5 per cent graphite, and 2.9 
per cent silicon. From these curves, the difficulty of working cast- 
iron, or indeed any other metal, continuously over a temperature 
range from 1000°F. to 1200°F. may easily be appreciated. But we 
shall see later that the whole trouble does not stop there, in the case of 
cast-iron, which has the unfortunate habit of growth with time and 
temperature. 

Kennedy and Oswald (290) studied the effects of various percent- 
ages of silicon, nickel, and chromium on the strength and other 
properties of cast-iron. With about 1.40 per cent silicon and no 
chromium present, the tensile strength reached a maximum increase 
of 52 per cent, over the base metal, with the addition of 3.88 per cent 
nickel, 45 per cent of which increase was obtained with 1.23 per cent 
nickel. With about 1.40 per cent silicon and 0.51 per cent chromium 
the highest value of 57 per cent increase in tensile strength was ob- 
tained with the addition of 1.10 per cent nickel. With higher silicon 
content, the effect of nickel in increasing the strength of cast-iron was 
not so noticeable. Silicon apparently destroys the effectiveness of 
nickel in strengthening iron, unless means are taken to counteract it, 
as by the addition of chromium. Thus, with the presence of about 
2.60 per cent silicon and increasing amounts of nickel and chromium, 
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the maximum increase in tensile strength of about 35 per cent, was 
obtained with the presence of 0.85 per cent nickel and 0.59 per cent 
chromium. 

The specific gravity (291) of wrought iron varies from 7.80 to 7.90, 
that of white cast-iron extends from 7.58 to 7.73, while gray cast-iron 
ranges from 7.03 to 7.13 at ordinary temperatures. The mean specific 
heat of cast-iron, from 20°C. to 100°C., is 0.1189, according to Schmitz 
(292), but Honda, as quoted by Hatfield, Wollman, and Priest (15), 
gives, as the mean specific heat from 0°C. to 100°C., the value of 
0.131 to 0.142 for the material as cast and 0.116 to 1.139 when the 
material was annealed. Nichol (293) made some measurements on 
the mean specific heat of wrought iron over several short temperature 
ranges. From 15°C. to 100°C. he found it to be 0.1152; at 500°C. 
he gave it the value 0.176; and from 1000°C. to 1200°C. he measured 
the mean specific heat of wrought iron as 0.1989. The mean specific 
heat of a rather pure sample of iron from 0°C. to various temperatures 
has been accurately determined by Harker (294). His data have 
been plotted in Fig. 75, along with the mean specific heats of refrac- 
tories. It will be observed from the illustration, that the results are 
not greatly different from those for zirconia brick. Schwartz (285) 
has calculated the true specific heat of malleable cast-iron and found 
it to be approximately 0.108 at 0°C.; 0.135 at 250°C.; and 0.180 at 
500°C. 

Very little information is available on the thermal conductivity of 
cast-iron. Kaye and Laby (295) give 0.149, as the mean conductivity 
between 0°C. and 100°C. Some data by Jaeger and Diesselhorst (291) 
give the thermal conductivity of wrought iron as.0.144 at 18°C. and 
0.143 at 100°C., with a decrease of 0.00008 for each degree Centigrade 
increase in temperature. It can be deduced, however, that the 
thermal conductivity decreases with temperature, for such is the 
case of electrical conductivity in metals and the two phenomena are 
closely related. Without an adequate knowledge of the thermal 
conductivity at high temperatures, it is impossible to calculate the 
thermal diffusivity, except for ordinary temperatures. Ingersoll and 
Zobel (296) report the thermal diffusivity of cast-iron at ordinary 
temperatures as 0.121 and of wrought iron as 0.173, which data are 
sufficient to indicate that, in order of magnitude, the thermal con- 
ductivity and diffusivity are several hundred fold greater than those 
found in refractories. 
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Schwartz (285) has measured the thermal expansion of malleable 
cast-iron up to 1100°F., as shown in Fig. 80. This is the same sample 
of material whose tensile strength was reported as Sample 1 in Fig. 77. 
His results are in agreement with the measurements of Souder and 
Hidnert (297), who carried their temperatures up to 1650°F., where 
vast changes in the structure of the material took place. The sample 
tested by them contained 3.08 per cent carbon and 1.68 per cent 
silicon. Reference to Fig. 80 shows the expansion and contraction 
which accompanied the heating of this sample of cast-iron. The 
linear growth upon cooling amounted to 0.92 per cent for one heating. 

The growth of some cast-irons may be tremendous. Thus, Rugan 
and Carpenter (298) observed a volume increase of 63 per cent after 
32 heatings to 850°C. in a cast-iron containing 3.38 per cent carbon, 
6.14 per cent silicon, 0.30 per cent manganese, and negligible quanti- 
ties of sulphur and phosphorus. This was, of course, exceptional, 
but volume increases of half this amount are not extraordinary. 
Since the volume changes more rapidly than the weight during 
growth, the specific gravity of cast-iron decreases with repeated 
heatings and with it there is a decided change in the physical proper- 
ties of the material. Its mechanical strength and thermal characteris- 
tics suffer accordingly. The action can proceed so far that a failure 
in tensile strength may occur, or even advance to a stage where the 
casting can be crumpled between the fingers. 

Outerbridge (299) (300) conducted the first systematic examination 
of cast-iron growth. He observed that white cast-irons do not grow 
to the same extent as gray cast-irons and established that the break- 
ing up of the carbides through the separation of graphitic carbon was 
insufficient, of itself, to account for the phenomenon. Rugan and 
Carpenter (298), however, were the first to demonstrate that the 
volumetric changes were accompanied by a gravimetric increase, 
from which they were able to advance a theory for the action which 
has been accepted rather generally. They laid particular stress on 
the influence of silicon, to which exception has been taken by others. 
While it cannot be denied that the amount of silicon present is of 
great import, its influence is apparently of an indirect nature, in that 
it favors the separation of large graphite flakes which make the alloy 
ductile and assist the premature appearance of cracks. 

The effect of temperature, in accelerating the linear growth of 
cast-iron, is well illustrated in Fig. 78, which is plotted from measure- 
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ments by Schwinning and Fléssner (301). The sample in question 
was composed of 3.49 per cent carbon, 2.56 per cent silicon, 0.46 
per cent manganese, 0.735 per cent phosphorus, and 0.135 per cent 
sulphur. The growth began slowly at about 450°C. and was strong 
at 500°C. Miscroscopic examination revealed that the first period of 
slow growth up to 18 heatings, of 3-hour duration, was accompanied 
by a slow change of pearlitic structure into a mixture of pearlite and 
cementite. No decomposition of the carbide was noted until the 
second stage of growth, after the 18th heating, where the cementite 
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was destroyed with the release of graphitic carbon, which set in veins 
and grew in thickness until all the metal was ferrite. At 650°C. the 
early stages of growth were entirely eliminated and destruction of the 
carbide set in at once. 

The usefulness of cast-iron in the construction of low temperature 
retorts, or its appurtenances, has been restricted by the tendency of 
this material to undergo permanent volume changes, when the cast- 
ings are repeatedly heated or used continuously in the vicinity of 
650°C. or even lower temperatures. This phenomenon depends not 
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only upon the factors of time and temperature, but upon the com- 
position. In general, white cast-irons shrink and gray cast-irons grow, 
but Rugan and Carpenter (298) observed that white cast-irons, 
which contain more than 3 per cent carbon, tend to deposit temper 
carbon upon prolonged heating, which, in turn, contributes to the 
metal’s expansion. They found that white cast-iron, which con- 
tained about 3 per cent carbon and negligible amounts of the other 
constituents, and especially one in which the silicon content did not 
exceed 0.3 per cent, remained practically constant in volume when 
heated many times to 900°C. 

The effect of the various elements on the growth of cast-iron was 
studied also by Rugan and Carpenter (298) and later by Carpenter 
(302). They found that phosphorus tends to reduce growth, to the 
extent that the presence of 0.3 per cent phophorus lessens the growth 
about 3 per cent. Manganese retards the rate of growth and in most 
cases diminishes the absolute amount. The small quantity of 
sulphur found in commercial cast-iron has only a minor effect and this 
contributes to the action’s retardation. The presence of dissolved gas 
may cause an expansion of one per cent to 2 per cent when the silicon 
content is 1.75 per cent to 3.0 per cent, but, with the silicon present 
exceeding the higher figure, occluded gas has no influence. When the 
silicon amounts to less than one per cent, dissolved gases may cause 
a growth to the extent of as much as 10 per cent. Broadly speaking, 
the percentage volume growth is proportional to the percentage of 
silicon present, which, according to Carpenter (284) amounts to a 15 
per cent volume increase with one per cent silicon, 27 per cent with 
2 per cent silicon, and 37 per cent with 3.5 per cent silicon. 

Rugan and Carpenter (298), as a result of their investigations, rec- 
ommended the use of a special semi-steel for high temperature work. 
Its composition consists of 2.66 per cent total carbon, all of which 
should be combined, 0.59 per cent silicon, and 1.64 per cent manga- 
nese, with 0.01 per cent sulphur and phosphorus. Such a casting 
showed no growth, but, on the contrary, a slight contraction of 0.13 
per cent after 150 heatings to 850°C. This sample had a tensile 
strength of 50,200 pounds per square inch initially, which increased 
to 55,300 pounds per square inch after conclusion of the heatings. 
Analysis showed 2.37 per cent combined carbon and 0.25 :per cent 
temper carbon at the end of the experiment, representing a conversion 
of only 9.6 per cent. 
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The mechanism of cast-iron growth is only partially understood. 
It is generally agreed that the phenomenon is due, in part, to the 
deposition of carbon, as a result of the breaking down of iron carbide, 
and, in part, to oxidation of the elements present. While occlusion 
of gasses in the metal, together with casting stresses, may also be 
factors contributory to growth, opinions differ widely among the 
authorities regarding the relative importance of each, and, in fact, 
even in regard to the sequence of events leading up to expansion. It 
is generally accepted, however, that the presence of silicon is highly 
undesirable and that the rate at which the metal deteriorates is 
roughly proportional to the amount of silicon present. 

Carpenter (283) definitely concluded that silicon was chiefly 
responsible for swelling in the gray cast-irons examined by him, 
whether the cause of growth be superheated steam above 250°C., 
hot furnaces gases, hot air, or repeated or prolonged heating at high 
or low temperatures. According to his view, silicon is present as 
dissolved iron silicide, but this is absolutely innocuous unless graphite 
is present, by thermal decomposition of cementite or otherwise, so 
that the breaking down of iron silicide into silicon and iron oxide 
permits the penetration of oxidizing gases, which attack the metal 
chemically. The solution of the problem naturally resides in using 
an alloy which contains no free carbon and which further does not 
deposit it upon prolonged or repeated heating. Consequently, 
Carpenter (283) concluded that no gray cast-iron and only a few 
white cast-irons were suitable for use under such conditions. The 
choice of a suitable material thereby leads to a consideration of the 
_ many varieties of mild, medium, and hard steels, all of which have no 
free carbon, do not deposit it upon prolonged or repeated heating, and 
which are low in silicon content. The presence of manganese retards 
the deposition of temper carbon and toughens the alloy. 

On the other hand, Oberhoffer and Piwowarsky, (303), as well as 
Honegger (304), conclude that the mere presence of silicon does not 
necessarily cause rapid growth in cast-iron, but that everything de- 
pends upon the size and arrangement of the graphite plates. Even 
if relatively low in silicon, an iron tends to grow rapidly, if, during 
solidification, it is cooled at such a rate as will cause the production of 
coarse graphite plates. 

Pearson (305) examined the growth of cast-irons of low silicon 
content, including, among others, two samples made by the hot-mold 


OPERATION, DESIGN, AND MATERIALS 293 


process. Repeated heating to 900°C., for one-hour periods, showed 
a constant increase in length at the end of about 40 heatings, the 
volume increase being about 5.47 per cent, as compared with 16 per 
cent to 37 per cent observed in ordinary commercial gray cast-irons. 
The sample in question contained 3.33 per cent carbon and 0.68 per 
cent silicon. Similar results for hot-molded low silicon cast-iron were 
obtained by Donaldson (306), except that his tests were carried only 
up to 550°C. In many instances, where a white cast-iron could be 
successfully used as a heat-resisting metal, the difficulty of producing 
the castings without internal strains, liable to cause cracks, is a 
practical foundry consideration which renders its use impractical. 
The hot-mold process, however, deserves consideration on this score 
in that it gives a means, hitherto unavailable, of producing a machin- 
able gray cast-iron from pigs of such low silicon content as would 
yield a white or mottled iron under ordinary conditions. 

Andrew and Hyman (307) made a comprehensive study of the effect 
of various alloys on cast-iron growth, using a base material containing 
3 per cent to 4 per cent carbon, 0.4 per cent to 1.6 per cent silicon, and 
0.5 per cent to 1.8 per cent manganese. After 50 heatings to 900°C., 
the sample containing nickel had increased in length about 9.5 per 
cent, the sample containing aluminum about 7.0 per cent, and two 
samples containing chromium about 5.0 per cent and 3.5 per cent, 
respectively. It appears, therefore that aluminum and nickel have 
an action similar to silicon in favoring the deposition of temper carbon, 
which is detrimental to the casting from the standpoint of growth. 
Kennedy and Oswald (290) investigated the effect of other alloys and 
confirmed the conclusion of Rugan and Carpenter (298) that high 
phosphorus has a marked influence in slowing the rate of growth. 
They also observed that an iron deoxidized with titanium grew much 
more slowly than one of the same composition with that element 
absent. 

Properties of Steel. The tensile properties of steel depend 
greatly upon its composition and quite as much upon the treatment 
which it receives during manufacture. The variations in composition 
are so infinite and the special treatments by rolling, forging, annealing, 
and quenching are so numberless that it is quite beyond the scope of 
this book to undertake a detailed discussion of this subject. It can be 
said, in general, regarding the tensile strength of carbon steels, that, 
for temperatures below 850°F., the cast sample has the lowest value, 
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the cast and annealed specimen is somewhat stronger, the rolled sam- 
ple has even a higher value, and, finally, the rolled and heat-treated 
specimen has the highest tensile strength of all. However, above 
850°F. and extending to beyond 1400°F., a statistical examination of 
the determinations by many authorities has convinced the present 
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1 = Cast steel: 0.15 per cent C. 2 = Cast steel: 0.30 percent C. 3 = Cast 
steel: 0.55 per cent C. 4 = Rolled steel: 0.15 per cent C. 5 = Rolled steel: 
0.35 per cent C. 6 = Rolled steel: 0.60 per cent C. 7 = Nickel steel: 37 per 
cent Ni. 8 = Cobalt steel: 5 per cent Co. 9 = Chrome-molybdenum steel: 
0.41 per cent Mo.;1 percent Cr. 10 = Manganese steel:1 per cent Mn. 11 = 
Chrome-nickel steel: 7.4 per cent Cr.; 20.8 per cent Ni. 12 = Chrome-molyb- 
denum steel: 0.34 per cent Mo.;0.86 percent Cr. 13 = Tungsten steel: 19.3 per 
cent W; 3.4 per cent Cr.;0.88 percent V. 14 = Chrome steel: 13.4 per cent Cr. 


author that in this temperature region there is no particular advantage 
to either heat-treatment or rolling in the average case, as will be 
observed from Fig. 79. This statement does not apply to the case 
of mild steels, with 0.15 per cent and less of carbon, for the results of 
this study indicate that cast mild steel possibly has a stronger tensile 
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strength between 800°F. and beyond 1400°F. than the rolled variety, 
so far as conclusions may be drawn with limited data. Neither does 
the statement apply to high carbon steels, with carbon contents 
exceeding 0.90 per cent, in which case the difference between the 
tensile strengths of the rolled and cast samples is quite indistinct over 
the entire range of temperatures. This generalized conclusion is a 
statistical statement and hence great departures are found in individ- 
ual samples. 

The data in Fig. 79 are composite curves which represent the 
average result for carbon steels containing 0.4 per cent to 0.8 per cent 
manganese, 0.1 per cent to 0.6 per cent silicon, 0.005 per cent to 0.04 
per cent phosphorus, and 0.02 per cent to 0.05 per cent sulphur. 
The ultimate short-time tensile strength, as a function of the tempera- 
ture, is given for each of three cast steels, of various carbon contents, 
and also for each of three rolled steels. The measurements for alloy 
steels are for individual samples. Sample 1 represents a cast steel 
containing 0.15 per cent carbon. It is plotted principally from the 
results obtained by Dupuy (808). Sample 2 represents a cast steel 
containing 0.30 per cent carbon. It is the composite result of 
measurements by Malcolm (309) and by Dupuy (808), together with 
another sample of unknown composition (286). Sample 3 represents 
a cast steel with 0.55 per cent carbon. It is the composite curve from 
data gathered by Dupuy (808), by Tapsell and Clenshaw (310), and 
by Malcolm, as he is quoted by French and Tucker (311). Sample 4 
is the characteristic curve of a rolled steel containing 0.15 per cent 
carbon. It is the composite result of measurements by French and 
Tucker (311) (812), by White and Clark (313), and by Dupuy (808). 
Sample 5 represents a rolled steel with 0.35 per cent carbon. It is 
the composite result of determinations by Fahrenwald (314), by 
Lynch, Mochel, and MecVetty (3815), by French and Tucker (311) 
(312), by French (316), by Perrine and Spencer (317), and by Dupuy 
(308). Sample 3 represents the characteristic of a rolled steel which 
contains 0.60 per cent carbon. It is plotted from the results obtained 
by Tapsell and Clenshaw (310), by French and Tucker (311), by 
Dupuy (308), and by Dickenson (318). 

As compared with the cast-irons, semi-steels, and malleable irons 
illustrated in Fig. 77, it can be said that the maximum allowable 
tensile stresses above 900°F. of those materials do not differ much from 
the maximum allowable tensile stresses of the carbon steels illustrated 
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in Fig. 79, considering the tendency of the latter to creep. It has 
already been pointed out that the main advantage of steel over 
_cast-iron in the construction of low temperature retorts is the absence 
of growth in the former, but, on the other hand, steel tends to creep 
under load, at temperatures above 500°F., and this phenomenon 
generally requires the use of a much lower stress than the ultimate 
strength of the material would indicate. As a matter of fact, accord- 
ing to Mellanby and Kerr (319), at 1000°F. the creep limit of 0.35 
per cent carbon steel is only 20 per cent of its ultimate tensile strength, 
whereas, with a chrome-nickel alloy steel, the creep limit was approxi- 
mately 45 per cent of the ultimate strength at that temperature. It 
can be said, in general, that the higher the temperature, the smaller 
is the creep limit when computed as a percentage of the tensile 
strength. 

The tensile strength of alloy steels have been pretty well investi- 
gated at elevated temperatures, though the measurements have 
rarely been carried higher than 1100°F. Determinations of the 
tensile strength of alloy steels have been made by MacPherran (820), 
who investigated a great variety of alloys, by Bregowsky and Spring 
(321), by Lynch, Mochel, and MeVetty (315), by French and Tucker 
(812), and by Malcolm and by Welter, as they are quoted by French 
and Tucker (811). Mockel (822) also examined fifteen samples of 
high chromium stainless steels. The tensile strength of some of 
these specimens of ferrous alloys are included in Fig. 79 for purpose 
of comparison with carbon steels. Samples 7, 10, 11, 12, and 13 are 
from the measurements of MacPherran (320), Samples 8 and 9, are 
from the determinations of French and Tucker (312), Sample 14 is 
the specimen of stainless steel with minimum tensile strength, as 
examined by Mockel (322), while Sample 15 is a composite curve 
constructed from ten of Mockel’s measurements on stainless steel. 
Sample 7 contained 37 per cent nickel. Sample 8 contained 5 per 
cent cobalt. Sample 9 contained 0.41 per cent molybdenum and one 
per cent chromium. Sample 10 contained one per cent manganese. 
Sample 11 contained 7.4 per cent chromium and 20.8 per cent. nickel. 
Sample 12 contained 0.34 per cent molybdenum and 0.86 per cent 
chromium. Sample 13 contained 19.3 per cent tungsten, 3.4 per 
cent chromium, and 0.88 per cent vanadium. Sample 14 contained 
13.4 per cent chromium. 

The properties of alloy steels doubtlessly render them of great 
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value for high temperature use, but their cost is practically pro- 
hibitive for the construction of low temperature retorts. Like carbon 
steels, alloy steels are also subject to creep. Malcolm (323) feels 
perfectly assured that cast chrome-nickel alloy steel will stand 
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severe service without deformation over long periods, provided the 
following maximum allowable stresses are not exceeded: 26,000 
pounds per square inch at 600°F.; 18,000 pounds per square inch at 
850°F.; and 6,000 pounds per square inch at 1100°F. -For ordinary 
cast carbon steel he recommends the use of only about 60 per cent of 
these maximum allowable stresses. 
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The thermal expansion of a manganese steel, containing 0.49 per 
cent carbon, 1.21 per cent manganese, and 0.12 per cent silicon, as 
determined by Souder and Hidnert (297), is given in Fig. 80, along 
with the thermal expansion of cast-iron, which has already been 
discussed. As a matter of fact, there is very little difference between 
the thermal expansion of steels of different composition. The effect 
of alloys is noted mostly during contraction, particularly in the 
temperature region at which the anomalous changes occur and in the © 
permanent shrinkage observed on cooling. Slightly above 1200°F. 
nearly all ferrous alloys undergo a slight shrinkage during further 
increase of temperature over a region extending 50°F. to 200°F. 
Thereafter, uniform expansion with temperature increase is observed, 
but the rate of increase in expansion is always greater after, than 
before, the period of contraction. Upon cooling the steel, the reverse 
phenomenon takes place, but usually the sample never completely 
regains its length and a permanent contraction results. During 
the period of anomalous expansion all the physical properties of the 
material are affected, including its thermal, as well as its elastic, 
characteristics. 

Like cast-iron, very little is known regarding the thermal properties 
of steel at high temperatures. The mean specific heat for a sample 
of steel containing 0.30 per cent carbon, after Fahrenwald (314), is 
plotted in Fig. 75 up to 500°C. According to these data, the mean 
specific heat of steel is slightly higher than that of pure iron and has a 
somewhat greater rate of increase. The mean specific heat depends 
a great deal upon the composition and heat-treatment of the sample, 
as does the mean thermal conductivity. Thus, the mean specific 
heat from 0°C. to 100°C. has been reported (15) as 0.123 to 0.113 for 
carbon steels, 0.129 to 0.115 for chromium steels, and 0.124 for a 
nickel steel. In general, the lower figures apply to quenched samples 
and the higher figures to annealed samples. The same source gives 
the mean thermal conductivity from 0°C. to 100°C. as 0.143 to 0.044 
for carbon steels, 0.098 to 0.031 for chromium steels, and 0.060 to 
0.039 for chrome-nickel steels. Some data by Jaeger and Diessel- 
horst (291) give the thermal conductivity of one per cent carbon 
steel as 0.108 at 18°C. and 0.107 at 100°C., with a decrease of 0.0001 
for every degree Centigrade rise in temperature. Few measurements 
likewise have been made on the specific gravity of steels at high 
temperatures. At ordinary temperatures, this constant ranges from 
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7.60 to 7.80. With such meagre data on the thermal properties of 
steel, it is not surprising to find a dearth of information on its diffusiv- 
ity. Ingersoll and Zobel (296) give the thermal diffusivity of mild 
steel as 0.173 and of one per cent carbon steel as 0.121. 

Heating of Retorts. The setting for cast-iron retorts should be 
as simple as possible. No great heat control is needed below 650°C. 
and the simpler flues give equally as good results as the more expen- 
sive constructions. There are but two criteria to be observed; first, 
that the air is best admitted separately from the burners to avoid 
highly localized temperatures, as is often obtained with the Bunsen 
type of burner, and, second, the burners should be placed in such a 
way that the metal retort will not be touched directly by the heating 
flame. By observing these details, the flue will be heated by a long 
lazy flame and the retort will be heated by a combination of radiation 
from the setting walls and convection from the combusted gases, 
thus giving the retort a uniform temperature, which tends to mini- 
mize warping of the casting. The Fuel Research Board carefully 
observed these two principles in both their horizontal and vertical 
ovens and therein lies a large part of the secret of their success with 
metal retorts. 

When intense local heating of flat metallic surfaces occurs re- 
peatedly, buckling or cracking is certain to take place. Fahrenwald 
(314) attributes this to cumulative plastic deformations of the ma- 
terial, caused by excessive alternating temperature stresses. This 
phenomenon is quite distinct from bulging or sagging, with which it 
is often confused. The latter arise from the failure of physical 
strength at elevated temperatures. The plastic deformations, which 
_ result in buckling, are due to thermal expansion stresses which exceed 
the elastic limit of the material and which arise from non-uniform 
heating. More failures in metallic retorts may be attributed to 
unequal temperature distribution than to all other design influences, 
while the necessary cooling down of the retort periodically is the 
operating factor which limits its servicable life more than any other 
cause, aside from overheating. 

Except for certain heat losses, which occur in the retort setting, 
practically all the heat imparted to the coal goes to raise the charge 
to the desired temperature of carbonization and is later discharged 
from the retort as sensible heat of the coke, as sensible heat of the 
volatile products, and as latent heat of the condensible vapors. 
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While there are periods of endothermic reactions, there are also periods 
of exothermic reactions, and the two tend to counteract each other. 
So, from a thermal standpoint, the reactions occurring in low tem- 
perature carbonization can, in the aggregate, be considered as slightly 
exothermic. The major proportion of the heat which is imparted goes 
to raise the temperature of the charge to a point where the desired 
transformations are effected and, barring heat losses, it is an irreduci- 
ble quantity, but the other, or minor part, which raises the tempera- 
ture of the exit vapors, varies with the efficiency of the retort design. 

From the standpoint of thermal economy, the use of an insulating 
material to prevent heat losses is highly important, for, by reducing 
the surface losses by radiation and convection as much as possible, 
the amount of heating gas required to effect carbonization can be 
reduced accordingly. Cole (259) recommends diatomaceous earth 
and brick with a porous non-conductive nature as the best materials 
to be used for this purpose. With a furnace temperature of 1800°F., 
the heat loss through a wall, consisting of 9 inches of firebrick and 
8.5 inches of red brick, is of the order of 520 B.t.u. per square foot 
per hour, with an outer surface temperature of 370°F., whereas a wall 
of the same total thickness, consisting of 9 inches of firebrick, 4 
inches of red brick, and 4.5 inches of insulation, has a heat loss of 
about 190 B.t.u. per square foot per hour, with a surface temperature 
of roughly 190°F. 

After the heat has been transmitted by conduction through the 
retort wall it must be transmitted into the interior of the charge. 
The problem is a simple one, as far as the first layers of the charge are 
concerned, but thereafter, when the coal has been converted to porous 
semi-coke, the problem is of quite a complicated nature. Practically 
no data are available on the thermal conductivity and diffusivity of 
coke at the temperature at which the process takes place. Even 
if these data were at hand, the difficulty of treating the subject of 
heat conduction in the charge has not been overcome, because the 
hot vapors rising through the porous coke and through the voids of 
the coal on each side of the plastic layer carry with them much of 
the heat to the upper levels of the charge and entirely remove a 
large proportion as sensible and latent heat of a non-recoverable 
nature. 

The rapidity with which the heat can be transmitted through the 
the retort wall is not the limiting factor of heat transfer, even in 
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refractory retorts, much less than in metallic retorts, for, in either 
case, the rate at which heat can be transferred through the walls is 
considerably greater than it can be transmitted into the charge. 
Hence, the speed at which heat is passed from the retort wall into 
the charge determines the rate at which heat can be imparted to the 
retort wall from the flue. In the very early stages of carbonization, 
the conductivity of the retort wall may be of importance, but it 
becomes relatively less and less of a factor as the plastic layer pro- 
gresses inwardly, leaving an ever increasing envelope of non-con- 
ducting semi-coke behind, through which heat passes with the 
utmost difficulty. If heat be imparted to the retort wall from the 
flue faster than the charge can transmit it inwardly, the retort wall 
will rise in temperature gradually until, in the case of metallic re- 
torts, the casting will be seriously injured. 

Within the retort, heat transfer takes place principally by conduc- 
tion which argues for a full retort. However, since the evolved gas 
must pass out, a certain percentage of voids must be permitted to 
remain. We have already seen that the passage of hot gases through 
the voids may be an important source of heating by means of con- 
vection and, indeed, this expediency has been adopted entirely in 
certain internally heated retorts. It follows, therefore, that for 
maximum rate of heat penetration there should be an optimum size 
of the coallump. This has been established by Guegnen, as quoted 
by Fulweiler (258), as being 2.5 inches when the period of carboniza- 
tion is 4 hours. 

A high velocity of flue gas is desirable, for not only does it increase 
the rate of heat transfer, but it promotes uniform heating of the set- 
ting. The generation of heat occurs, of course, at the point where 
the heating gas is combusted and this is largely at the entrance of 
the gas to the flue. A high velocity permits the heat to be carried 
rapidly away and uniformly distributed over the retort and setting. 
This is of particular importance, where low temperature gas is being 
used to heat the retort, because of its high thermal value. As a 
matter of fact, it is not good practice to use the low temperature gas, 
even in part, for heating purposes. Lower calorific producer gas 
should be used instead, as it heats the retort more uniformly, and 
because the more valuable gas of higher thermal content should be 
reserved for sale where there is a market for its disposition. 

The purpose of checker-brick in regenerators is to absorb as much 
heat as possible from the flue gases before they are vented to the 
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atmosphere, to store the absorbed heat for a short period of time, 
and, finally, to yield that heat to a cooler gas entering the combustion 
chamber. The transfer of heat from and to the gases in the regenera- 
tors takes place principally by convection and conduction, although 
radiation has been observed to play an unimportant part. As we shall 
see later, under the subject of convection heat transfer, a thin film of 
stationary gas surrounds the checkers, its thickness depending upon 
the velocity of the gas. Heat transfer takes place from the moving 
gas through this film to the surface of the brick by conduction, so 
that, since the film thickness is a function of the gas velocity, heat 
transfer in the regenerator depends greatly upon the gas velocity. 

For use in the regenerator checkerwork, bricks with a high heat- 
absorbing capacity are, of course, most desirable. As many bricks 
as possible should be used in the regenerator, so far as it is compatible 
with a large exposed surface. Because of the continual reversal from 
hot gas to cold air and vice versa, regenerator bricks are subject to 
spalling, so that particular attention must be paid to this property 
of the refractory. In addition to these properties, other characteris- 
tics of the material must be considered in selecting refractories for 
checkerwork in regenerators, such as their crushing strength, and 
resistance to abrasion and corrosion. The design of the regenerator 
usually follows the practice established by long experience and the 
use of standard shapes and high mechanical strength should largely 
be considered in its construction. Heat is transmitted to the surface 
of the brick mainly by convection and is transferred to the interior by 
conduction at a rate which depends upon the thermal diffusivity of 
the material. Consequently, the rate at which heat is stored or 
delivered by the regenerator depends upon the thermal conductivity, 
density, and specific heat of the refractory, while the quantity of 
heat stored depends primarily on the specific heat capacity and the 
temperature to which the brick is raised. . 

Ingersoll and Zobel (296) developed a mathematical expression for 
the amount of heat absorbed by a brick heated from two sides, where 
the temperature of the two surfaces is held constant, viz: 
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where H is the heat flow in gram calories through one square centi- 
meter of surface area in ¢ seconds of time; p is the thickness of the 


brick in cubic millimeters; h? = a is the diffusivity, where k is the 


thermal conductivity in gram calories per centimeter cube per second 
per degree Centigrade; p is the apparent density; c is the specific 
heat; and, finally, where 6, = 6, — 4, in which 6, is the temperature 
of the brick surface and 4, is the average initial temperature of the 
brick. For a period greater than 5 minutes only the first three 
exponential terms need be considered, but the fractional coefficient 
must. be retained, the summation of the fractional series being 1.232. 

This equation holds only for the particular case of parallel walls 
heated from two sides, which approximates the condition in some 
regenerators. Hougen and Edwards (324) have shown that, when 
the bricks are placed as checkers in the regenerator, a shape factor 
amounting to 0.97 must be introduced into the above equation, when 
the average temperature of the refractory is 750°C. and when the 
free cross-sectional area of the regenerator passage is equal to the 
cross-sectional area of the brick. 

Hougen and Edwards (324) calculated the time required for bricks 
of different thickness and made of different refractory materials to 
reach 95 per cent thermal saturation. Their results are shown in 
Table 118. The time required for a brick of given thickness to 
attain a given proportion of its maximum heat absorption varies as 
the square of the thickness. From the standpoint of thermal proper- 
ties, it will be seen from the table, that for checker-brick, magnesia is 
the most desirable and carborundum next in order, but the former is 
eliminated by its tendency to spall and the latter, in ordinary com- 
mercial practice, by its cost. 

According to Brown (325), good high duty firebrick for use in 
checkerwork should contain less than 70 per cent silica and should 
not soften below 1680°C., while siliceous brick should contain more 
than 70 per cent silica and should not soften below 1630°C. Searle 
(263) states that chemical action and dust erosion are the chief causes 
of low durability in refractories which are used in regenerators and 
recuperators and their refractoriness is of relatively minor importance. 
Although costly, basic bricks are preferable to fireclay and grog 
materials, because the basic nature of the gases causes rapid chemical 
action on siliceous bricks. On this point, as well as others, magnesia 
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is again the most desirable material, but is ruled out of consideration 
because of its cost and spalling tendency. The latter fault is also 
found with silica brick, although in some cases they may be used in 
the parts of the regenerator, where the temperature does not fall 
below the critical spalling temperature. When silica can be so used, 


TABLE 118 
Heat stored by refractories as a function of thickness and time 
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its desirable thermal properties are highly advantageous. Phelps, 
as quoted by Booze (265), has apparently established beyond question 
that, contrary to the opinion of many operating men, there is a 
distinct advantage in using machine-pressed brick for the regenerators. 
He established that the heat-absorbing capacity of brick had a dis- 


OPERATION, DESIGN, AND MATERIALS 305 


tinct relation to its specific gravity. The difference in this respect 
may be as much as 6 per cent in favor of the machine-pressed sample. 

Convection and Radiation. Heretofore, we have dealt only with 
the transmission of heat through the retort wall and through the 
charge. We have seen that this takes place principally by conduc- 
tion. It remains now to treat the problem of heat transfer from the 
heating flue to the retort wall. This is accomplished in two ways, by 
convection and by radiation, the latter being effected both by gaseous 
and by solid radiation. 

The transfer of heat by convection is a function of gas velocity, 
size of passage, and temperature difference, but it is almost entirely 
independent of the gas composition. Reynolds investigated heat 
transfer by convection as early as 1874, giving special attention to 
the matter of fluid turbulence above the critical velocity, which marks 
the transition from streamline or non-vortical flow. Above the 
critical velocity, turbulence becomes an important factor and, hence, 
heat transfer becomes a function of the fluid velocity. Reynolds 
attributed this phenomenon to increased molecular bombardment, 
but it is at present well established that the increase in heat transfer 
is due to a thin stationary fluid film, whose thickness varies with 
the fluid velocity. 
~ When gas flows past a stationary surface there is a frictional drag, 
which causes the gaseous layers next to the surface to lag, to such 
an extent that the layer immediately in contact with the surface is 
at rest and is known as the stationary film. The transfer of heat 
through this film from the moving gas to the stationary surface takes 
place by pure conduction and, hence, follows the law established in 
Equation [28], where the film coefficient, h, replaces the coefficient of 
thermal conductivity divided by the thickness. The film coefficient 
depends largely upon the unknown thickness of the film, which is a 
function of the gas. velocity and its physical properties, as we shall 
see presently. 

Reynolds (326) (327) deduced a formula for turbulent flow con- 
vection heat transfer of the following form: 

h=atbpV=at—> [31] 


where a and b are constants, p is the density, V is the velocity of 
the fluid, and h is the film coefficient of heat transfer. The equation 
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can also be written in the form which involves the mass flow, W, and 
the cross-sectional area, A, of the flue passage. Although his theory 
of molecular bombardment has now been displaced by the theory of 
a stationary film, Reynolds’ equation still finds favor. The constant, 
a, is small, so that the heat transfer is roughly proportional to the 
velocity. Stanton (328), in verifying Reynolds’ equation experimen- 
tally, came to the conclusion that the heat transfer varied as a power 
of the velocity somewhat less than unity. 

Among the mathematical investigations of forced convection, the 
work of Boussinesq (829) (830).deserves particular consideration, 
but this work is based upon the premises of streamline flow with 
inviscid and incompressible fluids. Rayleigh (831) continued the 
study and demonstrated, from the principle of similitude, that the 
kinematical viscosity of the fluid must be considered. The fully 
developed Boussinesq equation for heat transfer by forced convection 
with turbulence can be written as, 
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where h is the film coefficient in British thermal units per square foot 
per hour per degree Fahrenheit; D is the inside diameter of the flue; 
k is the thermal conductivity of the gas in British thermal units per 
hour per foot cubed per degree Fahrenheit; V is the velocity of the 
gas in feet per second; p is the specific gravity referred to water; u 
is the kinematical viscosity in poises; C, is the specific heat of the 
gas at constant pressure; and, K, a, and 6 are constants to be deter- 
mined experimentally. 

Many other equations have been proposed for heat transfer from 
gases in turbulent motion during forced convection. Those derived 
by Nusselt (332) (333) and by Rice (334) are particularly noteworthy, 
but both of them have been shown by Cox (335) to be only special 
cases of the more general Equation [32] derived by Boussinesq and 
extended by Rayleigh. Thus, Rice (334) found that K = 53.5, a = 
é, and 8 = 4; and Nusselt (332) for simplicity placed, a = 8, thus 
eliminating 4, and found that a = 0.786, combining the a-powers of 
D,k, and C,, with the constant, K, to give a new constant. Accord- 
ing to Royds (336), the Nusselt formula can be put in the form, 


0.786 0.786 
h=e(V p) =e () [33] 
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where e is a constant and the other symbols are the same as used 
before. When the film coefficient of heat transfer, h, is expressed in 
British thermal units per square foot per hour per degree Fahrenheit, 
then e = 4.10 for air, e = 3.39 for carbon dioxide, e = 11.01 for coal 
gas, and e = 7.67 for superheated steam. Later, Nusselt (333) 
extended his formula in the following manner, 
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for the heat transfer from a flowing gas inside of a tube of length, L. 
It will be recognized that, since W = Vp, there is no essential differ- 
ence in form between Equation [33] and Equation [34]. Nusselt’s 
formula has its limitations and is not applicable to temperatures 
much above 1000°F., because of gaseous radiation, nor for velocities 
below the critical, which, according to Nusselt, is located at about 
3.3 feet per second, but which, according to Lent (337), is, in the light 
of recent investigations, more nearly located at 13 feet to 16 feet 
per second. 

Royds (836) feels that the experiments of Nusselt are confirmatory 
of Reynolds’ Equation [31] and, in fact, it will be noted that Equation 
[33] differs from the former only in dropping the constant, a, which is 
small, and in raising the second term to a fractional power, as pre- 
viously established by Stanton (328). The experiments of Jordan 
(338) on air in pipes may also be taken as confirmatory of the work 
of Reynolds. Jordan’s data evaluated the constants in Equation [31] 
as a = 0.0015, and 6 varies from 0.00055 to 0.00090, depending upon 
the hydraulic radius, that is, upon the ratio of the area of flow to the 
perimeter of the passage, and upon the temperature of the stationary 
film. The smaller the value of the hydraulic radius and the greater 
the film temperature, the greater is the numerical value of b and 
hence the rate of heat transmission. The constant, a, in Reynolds’ 
equation is supposed to represent the heat transferred by conduction 
and hence should increase with the temperature difference, but 
Jordan’s data, which shows no increase, is inconclusive on this point. 

As far as the present author is aware, while there have been limited 
investigations on forced convection for gases flowing outside of 
conduits, they have been confined entirely to transverse flow, and 
no data whatever are published on forced convection for gases in 
external longitudinal flow, which is the case found in a coke oven 
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flue. The research of Carrier (339) is applicable only to air flowing 
transversely across small wrought iron pipes and does not hold when 
the gas flows longitudinally to a plane surface or either longitudinally 
or transversely to a large cylinder. The experiments of Nusselt 
(332), as well as of Bell (340) (841), and of Jordan (338), are all 
applicable only to the case of forced convection of gases inside of 
pipes. In the latter case, the measurements have been correlated 
by Weber, as quoted by Walker, Lewis, and McAdams (342), into 
the following formula, which holds for pipes with diameters up to 
2 inches, gas temperatures up to 2000°F., mass flows up to 20 pounds 
of gas per second per square foot of free area, and for gases with 
molecular weights varying from 17, as in the case of illuminating 
gas, to 44, as in the case of carbon dioxide: 


é 0.88 w? pod gs Cp 
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[35] 
where h is the film coefficient expressed in British thermal units per 
hour per square foot per degree Fahrenheit; W is the mass velocity 
in pounds of gas per second per square foot of free area; J’ is the 
absolute arithmetic mean gas temperature in degrees Fahrenheit; 
S is the surface factor, that is, the heat transfer area in feet divided 
by the volume of the open gas passage; and M is the average molecu- 
lar weight of the gas. The mass velocity is equal to the average linear 
velocity multiplied by the density of the gas. 

According to the laws of radiation established by Stefan and 
Boltzman (343), the total radiant emission of a solid body is propor- 
tional to the fourth power of the absolute temperature. This is 
exact for an absolute black body, that is, for a prefect radiator, but 
is sufficiently accurate for other materials to be used in ordinary cal- 
culations. As it is usually the net heat transferred by radiation that 
is of interest, the Stefan-Boltzman law becomes for the case of two 
infinite planes: ; 


[36] 


where @ is the net heat transferred, A is the area, ¢ is the time, 71 
and T; are the absolute temperatures of the hot and cold bodies, 
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respectively, and p; and p: are the relative emissivities of the respec- 
tive surfaces referred to the black body. The most probable value 
of the total radiation constant, C is the mean of the corrected observa- 
tions of many authorities as reported by Coblentz (344), who gives 
C = 1.37 X 10-” gram calories per second per square centimeter per 
degree Centigrade raised to the fourth power. In practice the re- 
ceiving and emitting radiant surfaces are always peculiarly related, 
in regard to their shape and relative positions, so that it is necessary 
to introduce a proportionality shape factor, 6, to provide the necessary 
correction from the special case of infinite parallel planes. 

In most every case for metals, the total relative emissivity increases 
slightly with rise in temperature up to about 1500°C., after which 
the increase is rapid. The manner in which the relative emissivities 
of oxidized cast-iron and steel vary with the temperature is illustrated 
in Table 119, from the measurements of Randolph and Overholzer 


TABLE 119 
Variation of total relative emissivities with temperature 


TEMPERATURE 
MATERIAL 


200°C. 400°C, 600°C. 
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(845). The relative emissivity of a body is the measure of its radiant 
energy absorbing power and represents the percentage of the incident 
radiation which enters the body and is manifest as heat, the remaining 
‘energy which impinges being reflected into surrounding space by 
opaque bodies and being transmitted by translucent bodies. A 
good radiator is also a good absorber. Although the radiating power 
of a body varies with the wavelength of the radiation, as established 
by Kirschoff (346), an average value for the emissivity can be used in 
engineering calculations with sufficient accuracy to make considera- 
tion of the spectral selectivity unnecessary. There is hardly any 
published data on the emissivity of refractory surfaces at high tem- 
peratures, but Green (347) has reported an average value of 0.72 
for a firebrick surface heated from 200°C. to 500°C. 

Flames are luminous or non-luminous, the luminosity depending up- 
on the amount of solid material held in suspension and heated to 
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incandescence. Helmholtz in 1890 was the first to investigate radia- 
tion from flames and to observe that the radiation from luminous 
flames was more extensive than that from non-luminous flames. 
His student, Julius, found that the radiation from combustion 
products could be attributed almost entirely to carbon dioxide and 
water vapor and he established that the radiation was highly selective, 
occurring in sharp bands. Callendar (348) continued the investiga- 
tion and found that non-luminous flames radiate about 10 per cent of - 
their heat of combustion, as compared to as much as twice that for 
luminous flames. The radiation from each individual incandescent 
particle in a luminous flame undoubtedly follows the Stefan-Boltzman 
law and hence the radiation varies as the fourth power of the absolute 
temperature. Consequently, as gaseous radiation varies with tem- 
perature at a power somewhat less than the fourth, it follows that 
the more incandescent particles there are suspended in the flame, 
and, hence, the greater its luminosity, the more nearly it approaches 
the true Stefan-Boltzman relation. Haslam and Boyer (349) have 
conducted experiments which lead them to conclude that the radia- 
tion from luminous flames of methane, ethylene, and acetylene 
is 25 per cent to 30 per cent of the combustion heat and that this 
radiation is perhaps four fold that from a non-luminous flame. 

As distinguished from convection heat transfer, gaseous radiation 
is a function primarily of temperature, the gas composition, and the 
shape of the flue. It is independent of gas velocity, except in so far 
as the presence of fresh gas maintains the temperature. From a 
consideration of the intimate nature of radiation, it can be demon- 
strated theoretically and verified by experiment that a body is 
capable of absorbing its own radiations. Consequently, it is only 
from near the surface of a flame that radiation is emitted, since 
radiation from the interior is absorbed by the surrounding gas and 
does not penetrate great depths of the flame. However, the greater 
the mass of the gas, the more easily it can preserve its radiating 
temperature. 

Not all gases have ability to absorb radiation easily and it so 
happens that the products dealt with in combustion are particularly 
endowed with this ability, both carbon monoxide and dioxide, as 
as well as water vapor and hydrocarbons, all being unusually efficient 
radiators, while oxygen and nitrogen lack the property almost 
entirely. Consequently, the radiating efficiency of a given gas 


OPERATION, DESIGN, AND MATERIALS 311 


mixture falls off as its content of oxygen and nitrogen increases, due 
to reduction in the concentration of the active gases. The lumi- 
nosity of the flame, of itself, has nothing whatever to do with its 
power to radiate but the luminosity of a flame due to suspended 
particles greatly increases the heat radiated. This, however, is 
solid radiation, as distinguished from gaseous radiation, an entirely 
distinct phenomenon. According to its content of suspended parti- 
cles, such as soot, slag, etc., a flame can pass through all the stages 
from pure gaseous to solid radiation. Indeed, Lent and Thomas, as 
quoted by Schack (350), noted that the addition of a little benzol to 
blast furnace gas, to render it strongly illuminating by particles of 


TABLE 120 
Gaseous radiation from carbon dioxide and water vapor 


KILOGRAM CALORIES PER SQUARE METDR PER HOUR 
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soot without increasing its temperature, increased its radiation four 
fold. 

Until the thickness becomes sufficient, the gas radiates energy at 
a power of the temperature somewhat below the fourth. Table 120, 
after Schack (350), gives the radiation from water vapor and carbon 
dioxide as a function of temperature and thickness. The radiating 
and absorption power of a gas is highly selective for energy of particu- 
lar wavelengths and is confined entirely to the regions indicated in 
its absorption spectra. Thus, the radiation and absorption of energy 
by gases takes place in spectral bands, and the capacity for radiation 
in each band may be decidedly different. Carbon dioxide radiates 
from three bands and available measurements indicate that a 12.5 
per cent concentration of that gas radiates from the second band, in 
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wavelengths from 4.1 microns to 4.5 microns, practically as a black 
body when the thickness is only about 3.2 inches, whereas the gaseous 
layer must be a score or more times that thickness before the radiation 
from the first band, with wavelengths of 2.6 microns to 2.8 microns, 
approaches black body conditions. It will be readily appreciated 
that the effect of gaseous radiation from the carbon dioxide second 
band may be appreciable even in thin layers. The thickness 
required of the gas to approach black body conditions in the third 
band, extending from 13.0 microns to 17.0 microns, is intermediate 
of the other two. Radiation from water vapor also takes place in 
three bands of wavelengths, the first extending from 2.6 microns to 
2.9 microns, the second from 5.6 microns to 7.6 microns, and the third 
from 12.0 microns to 25.0 microns. 

Haslam, Lovell, and Hunneman (851) investigated the radiation 
from non-luminous flames and found that it amounted to 14.9 per 
cent of the total heat of combustion for methane, 13.8 per cent for 
illuminating gas, and 10.4 per cent for carbon dioxide, when they 
were burned with the theoretical amount of air, the radiation de- 
creasing with excess air, as established by Helmholtz and by Callen- 
dar. They also confirmed the results of Helmholtz that the radiation 
from a given thickness of flame decreases with the preheat tempera- 
ture of the primary air. For small thicknesses, of less than 30 cm., 
the radiation varies almost linearly with the flame thickness in 
non-luminous flames, but beyond a thickness of 100 cm. it becomes 
practically constant. 

Lent and Thomas (337) measured the heat radiated from a cylindri- 
cal gas column 48 in. in diameter, containing 21 per cent carbon 
dioxide and 2.4 per cent water vapor. They found 2,500 kilogram 
calories per square meter of flame area per hour radiated at 300°C. ; 
6,000 kilogram calories per square meter at 500°C.; and 18,000 kilo- 
gram calories per square meter at 800°C. <A method of calculating 
heat transfer by gaseous radiation has been proposed by Schack (352) 
and has been applied by Broido (853) and by Wohlenberg and Lind- 
seth (354) to the problem of heat transfer in boiler furnaces. For 
a more detailed discussion of the method, reference should be made to 
the original articles quoted. 

An exact calculation of gaseous radiation can be carried out from 
Planck’s law, and Hottel (355) (356) has used this method to com- 
pute charts by which the radiation from carbon dioxide and water 
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vapor can be determined easily for flues of various types, for which 
he has computed the necessary shape factors. His calculations show 
that, for a heat absorbing body, whose surface is maintained at 800°F. 
the heat transfer by gaseous radiation is of the same order as that 
transferred by convection in a 6 inch square flue with an average gas 
temperature of 1358°F. and with the gas containing 20 per cent carbon 
dioxide. Since these are temperatures somewhat similar to those 
obtaining in low temperature carbonization practice, it appears that 
gaseous radiation plays an important part in heat transfer. It is 
the order of 965 B.t.u. per square foot per hour. 

Goebel, as quoted by Schack, (850), observed that, due to the 
different radiating power of the gases, the coefficient of heat transfer 
between regenerative checkerwork and flue gas was higher than 
between air and the checkerwork during reversal. In designing a 
heating flue, it is necessary to consider the transfer of heat by both 
radiation and convection, so that the maximum benefit can be 
gained from the predominating influence at the zone in question. 
Thus, at points where the temperature of the gases is extremely high, 
the gas velocity may be retarded, as radiation is independent of that 
variable, but where convection heat transfer is dominating, the 
passages should be narrow and a high gas velocity maintained. The 
present author is of the opinion that in low temperature carbonization, 
where the flue temperatures may reach 760°C. heat transfer by 
gaseous radiation may amount to from 10 per cent to 20 per cent of 
the total heat transferred, depending upon the design of the particular 
setting. 


CHAPTER VIII 


Economics AND CONCLUSION 


Yields. There are such variations between individual processes 
and particularly between individual coals that it is difficult to make 
generalized statements on yields from low temperature carbonization. 
It is well to remember that no processing can increase the heat yield 
per ton of coal. Aside from a slightly better heat balance in the 
low temperature process, it must be remembered that individual 
processes differ only in the distribution of heat units between gas, 
tar, and coke. Low temperature processes obtain more tar at the 
expense of less gas than the high temperature processes. Likewise, 
the lower temperature of the former yields less ammonia and, through 
absence of cracking, a higher thermal value gas which naturally 
yields much light oil upon scrubbing. 

To present some general idea of the economics of operating a low 
temperature carbonization plant, assuming the use of a medium 
grade high volatile bituminous coal as the raw fuel, some representa- 
tive yields of various types of plants may be set down as a basis of 
comparison. For convenience of study, we may classify low tempera- 
ture carbonization processes into three types as follows: Type 1, 
the average externally heated low temperature retort; Type 2, the 
average internally heated low temperature retort; and Type 3, the 
average low temperature process combined with complete gasifica- 
tion of the coke. Type 4, as hereafter given for comparison, repre- 
sents average high temperature practice. The yields per net ton, 
given in Table 121, are based upon the various processes that have 
been proposed. 

The data in Table 121, for low temperature processes, have been 
tabulated from the results reported by about fifteen full-scale plants, 
as collected by the author, and as gathered by Sinnatt (857). The 
yields from high temperature operation are those reported by Tryon 
and Bennit (358) as the average results from by-product coke oven 
operation in the United States. The reasonability of the results 
given in Table 121 have been checked by the heat balance given 
hereafter in Table 122. The fact that the data for Type 1, externally 
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heated process, as given in Table 121, are not the same as those 
reported in Table 12 of Chapter I is not conflicting, for the former is 
an average result, while the latter is an individual case. This appar- 
ent difference illustrates what departures specific processes may make 
from the average yield. In this classification, it is assumed that the 
Type 2 plant obtains its heating medium by the introduction of air 
at the bottom of the retort to partially gasify enough of the fuel to 


TABLE 121 
Average yields from various types of carbonization processes 


YIELD PER NET TON COAL 


PRODUCT 

Type 1 Type 2 Type 3 Type 4 
RGU GBSCOKON. tidied kn sesacuteriateiare's 1,450 1,050 0 1,515 
Cube feet hotel PAs a... con eel ales 4,200 34,100 {112,000 | 11,100 
Cubic feet surplus gas................ 2,400 34,100 {112,000 6,300 
Beta. per Cubic footie... . 222+ ores 1% 835 240 175 530 
Gallons light oil from gas............ 2.4 0 0 2.8 
Gallonsverude stars sar) .: asujelens tetas 25.1 24.6 30.0 8.3 
Pounds ammonium sulphate.......... 12.0 37.0 55.0 217. 


TABLE 122 
Average heat balance for carbonization processes 


PRODUCT TYPE 1 TYPE 2 TYPH 3 TYPE 4 

per cent per cent per cent per cent 

GOK Cree er Beta iha rs, scioaee cehaoeentane WAR or 51.70 71.40 
GS eiatc te Mlaeoe ois bie Ee ee eo 31.47 75.40 12.84 
PETIT NON ac IG lite halos wid eerie Gia estaseO 1.36 1.47 
MET RM rer eR ceatenertehntne srus Mae Maes dre. Sets 13.48 13.36 16.28 4.53 
Carhonization logs) dso. bist aes re 5.78 3.47 8.32 9.76 
early COM Ccarar ee com Rak ke mek 100.00 | 100.00 | 100.00 | 100.00 


distill the charge by the sensible heat of the producer gas thus gener- 
ated, so that the 34,100 cubic feet of gas produced consist of a mix- 
ture of about 4,200 cubic feet of low temperature coal gas and about 
29,900 cubic feet of producer gas. It is further assumed, that in 
the Type 3 plant the low temperature and producer gas are mixed in 
the proportion of 4,200 cubic feet of the former to 107,800 cubic feet 
of the latter. 
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On the assumption of a 13,000 B.t.u. per pound raw coal, the aver- 
age calorific value of the semi-coke, in the case of Type 1, is about 
12,850 B.t.u. per pound, while the solid residuum in Type 2 has a 
higher ash content, due to partial gasification, and, hence, a lower 
calorific value of about 12,350 B.t.u. per pound. These figures check 
with the results of a number of full-scale experiments. The average 
calorific value of low temperature tar ranges from 15,000 B.t.u. to 
16,500 B.t.u. per pound. From these figures it is possible to con- 
struct a heat balance of the various types of carbonization processes, 
as given in Table 122. There is very little doubt but that Type 2 
has the greatest thermal efficiency, compared with the others. This 
arises from the fact that the heat is generated where it is used, thus 
increasing the efficiency of heat transfer and reducing radiation 
losses. The externally heated low temperature process, or Type 1, 
is next the most efficient, because, in comparison to high temperature 
processes, the thermal gradient is lower with corresponding reduction 
in heat losses. Furthermore, less sensible heat is carried away by 
the solid and volatile products. 

Revenue from Operation. From the yields reported in Table 121 
and known market prices for the products of Type 4, it is possible 
to construct a financial account for the other types of processes, 
which, barring prejudice, will represent a fair financial statement in 
the average case. But it must be borne in mind always that the 
average represents only a probable condition and a specific situation 
bears no relation to the average, whatever, but depends upon local 
market conditions and upon binding contracts for the delivery of 
large quantities of certain of the carbonization products. ‘Take, for 
example, the Type 4 process of Table 121, which represents the aver- 
age high temperature by-product coke oven. As reported by Tryon 
and Bennit (358), the average price received in the United States 
during 1926 for by-product coke was $6.95 per net ton, while the same 
coke, when sold wholesale for domestic fuel, brought an average 
price of $7.40 per net ton. The coke breeze, of which the total coke 
yield amounts to about 6.5 per cent, was disposed of at an average 
price of $3.50 per net ton. The average price in the United States of 
by-product coke oven tar was $0.051 per gallon and 93.3 per cent 
of it was used for fuel in boilers and in open hearth, or other metal- 
lurgical furnaces. The average price of coke oven gas was $0.163 per 
thousand cubic feet, but this average was composed of a wide varia- 
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tion of sale prices. Of the entire by-product oven gas yielded in the 
United States during 1926, 25.5 per cent was sold for city gas at 
$0.335 per thousand cubic feet, 8.2 per cent was sold as industrial 
fuel at $0.163 per thousand cubic feet, 62.5 per cent was sold to steel 
mills at $0.112 per thousand cubic feet, and the remaining 6.6 per 
cent was used as boiler fuel at $0.55 per thousand cubic feet. Gentry 
(359) has also pointed out a specific case of this variation in price for 
a single by-product coke plant. 

On the basis of the average prices quoted above and of the average 
yields reported in Table 121, the author has estimated in Table 123 
the average revenue to be expected in the United States for Type 4 
process. ‘Type 4a is based upon the average known sale prices, 


TABLE 123 
Average revenue from operation of carbonization processes 


REVENUB PER NET TON OF COAL CARBONIZED 
PRODUCT 
Type 1 Type 2 Type3 | Type 4a | Type 4b 


COLI SUS aE ae ana ae $5.62 | $3.89 $5.16 | $5.60 
ROU PRUIG eS eyearetrisealarercte a ieiis ee 1.30 2.56 | $6.16 1.03 2 Ut 
PRA TON GS ean epe srcie ce ckeia duccersta als anete 2.18 1.60 1.95 1.06 1.06 
Ammonium sulphate............. 25 78 1.16 46 46 

Total receipts........5.....:..| $9.35 | $8.83 | $9.27 | $7.71 | $9.23 

@Woaliemeny Menten oss ee ee 3.25 3.10 3.10 3.88 3.88 
" Gross revenue:............0+0. $6.10 | $5.73 | $6.17 | $3.83 | $5.35 


while Type 4b is based upon the assumption that all the coke was 
sold at the average known price received for domestic coke and that 
all the surplus gas was sold at the known average price obtained for 
wholesale. city supply. The average cost of raw gas coal at the 
ovens in the United States during 1926 was $3.88 per net ton, accord- 
ing to Tryon and Bennit (858). It is possible to use, in low tem- 
perature carbonization processes, classes of high grade, high volatile, 
but yet cheaper coals, which are not suitable for use in high tempera- 
ture ovens. It is reasonable, therefore, to value the raw coal for a 
Type 1 process at $3.25 per net ton and that for Type 2 and Type 3 
processes, which can satisfactorily use a lower grade of fuel, at $3.10 
per net ton. Figured conservatively, on a straight heat content basis 
from the average price of $0.335 per thousand cubic feet received for 
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coke oven gas sold for city use, the Type 1 process gas is worth $0.540 
per thousand cubic feet. On a straight thermal basis, Type 2 gas is 
worth $0.075 per thousand cubic feet and Type 3 gas should bring 
$0.055 per thousand cubic feet when calculated from the average 
price of $0.163 obtained for coke oven gas in the United States. This 
more conservative evaluation of the lower calorific gas is adopted 
because of the greater difficulty associated with its disposition. 
The price of $0.065 per gallon, assigned to low temperature tar, is 
half a cent higher than that given by Porter (360), is equal to a 
contract price reported by Runge (361), and is considerably below 
the value assigned to it by many other authorities. The light oil 


TABLE 124 
Revenue from full-scale low temperature carbonization processes 


REVENUE PER TON OF COAL CARBONIZED 


pac debe ie Maclaurin| Coalite Tozer Nielsen | K.S. G. Pe 

(248) (362) (363) (251) (361) (357). 

OOK GAs Oiae Gt ane ca oes $5.76 | $5.37 | $1.44 | $3.75 | $6.58 | $4.90 
Surplus: Gas ic. ates ents 2.64 2.88 5.01 1.47 | 1.00 
Partollsee wor nccudnee ee ee 1.56 1.99 | 4.56 125) 1973 \8a2 20 
Ammonium sulphate...... 27 21 48 37 4] 
Total receipts. .....0.... $10.23 | $10.45 | $6.48 | $10.38 | $10.02 | $8.56 
rT UO aie 2 Ma ee We Tea 1500! | 300 4.87 5.00 | 6.25 
Gross revenue........... $2.86 | $2.95 | $2.98 | $5.51 $5.02 | $2.31 


Note: These data are not strictly comparable. Consult authorities for 
details. 


has been figured at $0.228, which was the average price obtained for 
benzol in the United States during 1926. In all cases, the average 
ammonium sulphate sale price of $0.021 per pound during the same 
year has been used. The value of Type 2 coke for domestic fuel is 
deemed equal to that of Type 4b, while, all things being considered, 
that of Type 1 coke should be sold easily at the slightly enhanced 
price of $7.75 per net ton. This figure is considerably lower than 
that given by Runge (361) and that known to the present author for 
individual sales. 

Since the market conditions in Europe are different from those in 
the United States, and in particular since the operating costs, due 
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largely to cheaper labor, are lower, one may expect a lower gross 
revenue from a carbonization plant in operation abroad than from one 
in the United States. The data in Table 124 are largely from full- 
scale plants existing in Great Britain. The figures for the Maclaurin 
plant are after Tupholme (248), those for Coalite are by Everard- 
Davies (362), those for the Tozer process were announced by the 
management (363), Tupholme (251) reported the data on the Nielsen 
process, Runge (861) those for the K. 8S. G. retort, and Sinnatt (357) 
secured the figures for the Pure Coal Briquet or Sutcliffe-Evans 
process from the management. The average gross revenue for 
these six plants is $3.60 per ton, which is somewhat greater than the 
$2.16 per ton computed by Pope (864), using very conservative 
yields, slightly greater than $3.14 given by Brooks (365), and con- 
siderably less than the $4.32 figured by Runge (366). 

Capital and Operating Costs. The capital expenditure required 
to erect a complete low temperature carbonization plant is difficult 
to ascertain; first, because there is such a variation between the 
many processes that have been devised and between the numerous 
coals treated, second, because there is a wide divergence in the cost 
of labor and material in various localities, and, third, because little 
has been made public, or few records kept, of those large-scale plants 
which have been built. Even if such records were available, these 
plants were more or less experimental in nature and many expensive 
alterations, which would not be necessary in another installation, 
were made. The by-product plant, however, is more or less stand- 
ard, so that for these items in the capital cost, a fairly accurate esti- 
mate can be made. As far as the by-product condensing, the light 
oil scrubbing, and the ammonium sulphate plants are concerned, a 
very careful estimate, on a comparative basis, has been made from 
standard practice. Including everything except land, power plant, 
and gas-holders, the cost estimates for the various types of plants 
previously discussed are given in Table 125 on the basis of the in- 
vestment required per net ton of daily coal throughput. Type la 
refers to an average externally heated low temperature process which 
involves a large number of static units, while Type 1b refers to an 
average externally heated low temperature process which involves 
a large dynamic unit, such as a rotary retort. It is assumed that 
the plant capacity will be at least 1000 tons of coal per day. 

The only point that can really be questioned in Table 125 is the 
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item representing the cost of the various retorts and settings. In 
justification of these estimates, it may be said that many have been 
quoted at a higher and many at a lower figure and, in the absence 
of a more complete knowledge of costs, those estimated in the table 
are considered as close an approximation as one may expect. As a 
matter of fact, the present author has record of eleven independent 
estimates of the total cost of six specific low temerature carboniza- 
tion plants complete, including by-product equipment, the average 
of which is $1,495 per-ton of daily throughput. ‘This is considered an 
excellent check on the figures of Table 125, when it is noted that the 
average of the four types of processes is $1,540 per ton of daily through- 
put. Four independent estimates of two Type 2 processes, known 
to the author, averaged $1,265 and compare favorably with $1,290 


. TABLE 125 
Estimated capital cost of low temperature carbonization plants 
INVESTMENT PER NET TON OF DAILY COAL 
x THROUGHPUT 
° ITEM 


Type la Type 1b Type 2 Type 3 


a er Ne 


Retorts, settings, etc............5..... $1,200 $750 $825 $900 

By-product condensing plant, etc..... 120 120 275 510 

Light oil scrubbing plant, etc......... 185 185 

Ammonium sulphate plant, ete....... 85 85 190 730 
SOD COS Uo ce HM Tene le STE $1,590 | $1,140 | $1,290 | $2,140 


given in the table. Likewise, three independent estimates of two 
Type la processes, known to the author, averaged $1,635, which is in 
fair agreement with the figure tabulated. In special cases, it is not 
doubted that the investment given in Table 125 can be considerably 
reduced, even to the figure of $800 per ton of daily throughput, 
quoted by Brooks (365) as being conservative, but hardly to $600, 
as given by some other writers, unless, of course, radical omissions 
or departures are made from standard by-product equipment. 
Turning attention now to operating expenses and fixed charges, 
the essential items of cost, as distributed among various accounts, 
are estimated in Table 126, on the basis of cost per net ton of coal 
processed, assuming 90 per cent capacity factor for the plant. The 
supplies include, among other minor items, the sulphuric acid neces- 
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sary in the manufacture of ammonium sulphate, the steam includes 
that admitted to the retort and that used in the by-product plant, 
while the power includes all the requirements for driving the retort 
mechanism, coal handling devices, conveyors, pumps, etc. In 
justification of these figures, it may be said that the average of five 
independent estimates and the records of total operating expenses 
for different low temperature plants, known to the author, was $1.39 
per ton of coal treated, with a range extending from $1.58 to $1.20. 
This is considered in good agreement with the figures given in Table 
126. The average cost of labor and supervision combined, as re- 
ported in thirteen independent estimates, known to the author, on 


TABLE 126 
Estimated operating cost and fixed charges of low temperature carbonization plants 


EXPENSE PER NET TON OF COAL 
ITEM ee ee 
Type la Type 1b Type 2 Type 3 


UD OR evr ak Wiles ci sitionecstapeina tee lotaunnc cor’ $0.80 $0.50 $0.40 $0.30 
Supervision, clerical, etc.............. 0.12 0.12 0.12 0.12 
Maintenance, repairs, etc............. 0.45 0.35 0.35 0.30 
DUD DUe ane LC Nt von, Newcomers e sereans 0.10 0.10 0.12 0.25 
Power; steam, Eb. .(00 se iui tle ee 0.18 0.22 0.28 0.85 
Total operating expense........ ieee], Ol, 05 $1.29 $1.27 $1.82 
Depreciation 10 per cent........... 0.44 0.31 0.35 0.59 
Interest 8 per cent................. 0.35 0.25 0.28 0.47 
Taxes and insurance 3 per cent..... 0.13 0.09 0.11 0.18 


Total operating and fixed charges..| $2.57 $1.94 $2.01 $3.06 


six specific processes was $0.61 per ton of coal. Eight estimates of 
maintainance and repairs on five specific processes averaged $0.36 
per ton of coal, while five estimates of power and steam for three 
specific processes gave a mean figure of $0.22 per ton of coal. Conse- 
quently, the figures of Table 126 are taken to agree with the consensus 
of expert opinion, both individually and as a whole, although they 
are somewhat higher than the $1.10 per ton given by Brooks (365), 
and are considerably higher than the $0.94 per ton given by Pope 
(364) for the total average operating expense in low temperature in- 
stallations. It should be noted that no charge for heating the re- 
torts or for the raw coal has been made in Table 126, as these ex- 
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penses have already been charged off of gross receipts in Table 128, 
the former, by computing the revenue only on surplus gas. It now 
remains to write off fixed charges, at the rate of 10 per cent for de- 
preciation, 8 per cent for interest on the investment, and 3 per cent 
for taxes and insurance, to give the total operating and fixed charges 
per ton of coal treated. Subtraction of the total operating and fixed 
charges per ton of coal in Table 126 from the gross revenue per ton 
of coal in Table 123 gives the net revenue available for amortization of 
the investment, reserve funds, and dividends. 

Of all the items making up the cost of processing coal by carboni- 
zation at low temperatures, the fixed charges are the greatest, cost 
of labor is second, and maintenance and repairs are third. This in- 
dicates that economical primary carbonization requires, first, that 
the investment per unit of throughput must be reduced to a mini- 
mum, second, that labor requirements must be kept as low as possi- 
ble, by simplicity of operations and by the installation of labor-sav- 
ing machinery, and, third, that rugged construction and continuous 
operation with mass throughput should be encouraged, to gain the 
benefit of low repair and maintenance charges. Supervision and 
supplies are practically irreducible quantities. : 

Economics. So far as the economics of low temperature carboni- 
zation are concerned, the production of primary products is the only 
part of the problem which needs consideration, for upon these, alone, 
the industry must justify itself. The fractionation of low tempera- 
ture tar into its many derivatives is another industry, that of tar 
refining, and it is not anticipated that the economics of primary oil 
distillation will be greatly different from those already obtaining in 
the petroleum and tar refining industries, notwithstanding certain 
plant changes as will be necessary to facilitate treatment of a different 
crude oil stock. 

The sale of low temperature tar and gas is a wholly new problem 
from that of the disposition of gas and tar from by-product coke 
ovens or from gas retorts, for they are distinctly different from the 
analogous products of high temperature distillation. The same 
may be said of low temperature coke. Nevertheless, there is bound 
to be a certain amount of indirect competition between them, to 
the extent that the price fluctuations of the products of the two 
different methods of coal processing can never be wholly unrelated. 

Table 127, illustrating the products of low temperature carboniza- 


TABLE 127 
Principal products of low temperature carbonization and their uses 


Ficus Domestic 
8 Industrial 
Ethyl Solvents for 
Isopropyl lacquers 
Alcohols ; Secondary butyl Automobile paints 
Hydrocarbon Secondary amyl Artificial leather, 
Secondary hexyl etc. 
gases 
: Metal cutting 
Eageened gases { Tilumination 
Motor fuel 
Light oil (benzine) Poyeute 
Dyers and cleaners 
Benzine 
2s ee { Sulphate of Terns 
iquor ammonia 
Light oil (benzine) (as above) 
Carbolic acid Plastics-bakelite, explosives 
Phenols Dyes, medical compounds 
Cresols Disinfectants, antiseptics 
Coal Creosote oil Wood preservative 
Lubricating oil General purposes 
Gas oi icone te 
Crude oil 8 
Diesel engine oil Internal combustion engines 
; Boiler fuel 
Boe) ot i Gas manufacture 
Paraffin wax General purposes 
Heavy tar Roofing material 
Paving material 
_ Pitch Briquets 
Hand fired 
Boiler fuel Stokers 
Pulverized fuel 
Fuel for producer Industrial gas 
Semi-coke gas and water gas Domestic fuel gas 
: Locomotive fuel 
Briquets : 
dete eolaan fupt Domestic fuel 
a epee Marine fuel 
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tion and their uses, as slightly modified by the author, was compiled 
by Ditto (867) and given later by Blauvelt (868). It shows very 
strikingly a few of the more important derivatives to be obtained 
from the primary products of coal and the manner in which they are 
absorbed by industry. It will be readily appreciated that this 
table resembles in part a similar tabulation of the products and uses 
of high temperature by-product coking, of gas manufacture, and of 
petroleum distillation. A few of the products which occur in each 
of these industries are missing and other products take their place. 
As a whole, however, the final uses are practically the same, a situa- 
tion which demonstrates an ultimate relationship in the market 
fluctuations of high and low temperature carbonization products. 
The difference in the price levels of the two distinct classes of products 
must, therefore, be justified by their special values and the price 
movements of each will reflect, not only the conditions of supply and 
demand for products of its own class, but also for products of the 
other class. For this reason, no discussion of the economics of low 
temperature carbonization can avoid a study of the markets for high 
temperature products. A very excellent and comprehensive study 
of the problem of marketing the by-products from coal carboniza- 
tion has been made by McBride (369). 

Practically all of the products of coal carbonization compete in- 
dustrially with other materials. Thus tar, as a fuel, must compete 
with both anthracite and bituminous coal, as well as with petroleum, 
and coke must compete with anthracite both as a domestic fuel and 
as a fuel for the generation of water gas. Coal gas and water gas 
compete for their place as domestic and industrial fuels. Light 
oil is used mostly as a motor fuel, and, as such, its price is determined 
by the market for petroleum and its refined products. Ammonia, 
used largely as.a fertilizer, has its price determined by the availability 
and supply of other forms of fixed nitrogen. 

Aside from the prices for carbonization products determined by 
competitive markets, the rulings of public regulatory bodies further 
complicate the sale of by-products, particularly in the case of gas, 
which finds its most logical market in the city gas supply. In ordi- 
nary industrial enterprises, the margin of profit is determined by 
competition, but under the system of public utility regulation, the 
profits are limited by a public authority endowed with the power of 
establishing rates. Under such a system of regulation, the consumer 
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of one or more of the products must bear the loss of income from other 
products. Consequently, a situation arises, by virtue of this close 
relationship, whereby the price of one product can be almost entirely 
determined by the market conditions for another. 

While there are assuredly markets for coke, gas, and oils, they are 
not, at the present time, markets in which any special advantages of 
low temperature products are recognized. There is a difference in 
the quoted prices of foundry and of furnace coke by virtue of their 
special properties, but there can be no reflection of special value in 
the price of low temperature coke over coal as a domestic fuel until 
this special value is generally recognized by the consumers. In the 
case of low temperature gas, the recognition is not hard to secure, but 
appreciation of the desirable nature of primary oils will be somewhat 

more difficult to obtain. It is an illogical proposition to expect an 

industry to pay the cost of treatment without being entitled to some 
financial return over the cost of preparing products which are more 
desirable for particular purposes. As long as the fundamentals of 
such an industry are sound, the special value of the products will 
ultimately be reflected in their price. 

A good deal has been said at one time or another about the calorific 
value of semi-coke, relative to the raw coal from which it was made. 
As this is the characteristic of most importance in determining the 
value of low temperature coke, it is worthwhile to examine this 
point. Runge (366) has determined the thermal value of many semi- 
cokes produced from coals of the United States and elsewhere, as 
compared with the calorific value of the raw coal before primary 
distillation. He found, as a general rule, for high volatile low oxy- 
gen coals, that the thermal value of the coke was from 700 B.t.u. 
per pound to 1000 B.t.u. per pound less than that of the coal. With 
high volatile coals, the thermal values of the coal and coke were 
about the same, or the latter was slightly higher. This was particu- 
larly true of lignite, where, because of the high moisture content 
it was not unusual to find that the char had an increased calorific 
value of as much as 2,000 B.t.u. per pound over the raw material. 

Another point of view, in assessing the value of a fuel, is the con- 
sideration of what is known as form value or heat availability. A 
consumer will obviously pay more for a heat unit in the form of gas 
or of oil than in the form of coal or of coke, by reason of the adapt- 
ability of these fuels to special purposes, where the heat of coal would 
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not be available. The object of all coal processing is to increase its 
form value and all processing is accompanied by losses of material, 
incidental to handling, and of heat units, incidental to the production 
of power and heat for processing. Consequently, the output of 
heat units after processing will be materially less than before, but 
their form or availability will be increased. To be economically 
sound, the conversion of the heat units from one form to another, 
must be such as to increase the value of the units sufficiently to make 
up for the conversion losses, pay the cost of processing, and yield a 
fair return on the capital investment. Doubtlessly, low tempera- 
ture carbonization raises the form factor of the fuel and increases the 
availability of heat. 

The value of the carbonization products, other than the solid fuel, 
as seen from Table 123, represents approximately 40 per cent of the 
total receipts for Type 1, externally heated processes; about 56 per 
cent for Type 2, internally heated processes; and 100 per cent for 
Type 3, complete gastification processes. It is quite obvious from 
this, that, unless the cost of the raw material be unusually cheap, as 
in the case of shales and coal refuse, low temperature carbonization 
can never be commercially successful in externally heated processes 
for the sake of by-products alone, unless there is a great advance in 
the market price of these materials, relative to the raw coal. It is 
absolutely essential to the success of externally heated processes 
that the semi-coke be adequately disposed of and almost correspond- 
ingly essential, in the case of internally heated processes by partial 
gasification, that the by-products be well marketed. Low grade 
slack coal is particularly adapted to low temperature carbonization 
processes. ‘There are many mines in the United States and abroad, 
which are now closed, but which are capable of producing large quan- 
tities of this material. ‘The reopening of such workings to fulfill the 
demands of a new industry would not only be of mutual benefit, but 
of a national economic importance. 

In considering the economics of carbonization, McBride (370) has 
pointed out that the counter-effect of fluctuations in the price of one 
by-product on the value of another by-product, or of a principle 
product, must not be overlooked. In the gas manufacturing indus- 
try, for example, it is well known that the price of gas is roughly the 
difference between the gross expenditure and the income derived 
from by-products. Consequently, the lowering of ammonium sul- 
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phate as much as one cent a pound may mean a difference of as much 
as five cents per thousand cubic feet of gas. The gas and coke from 
any coal carbonization industry have to fluctuate inversely with the 
price of ammonium sulphate to bear the increased cost of production. 

Porter (360) has attempted to summarize the three phases of 
development that will give a great impetus to the progress of low 
temperature carbonization. From the viewpoint of producing a 
smokeless fuel, these possibilities are: (1) to lower the cost of proc- 
essing below $1.00 per ton; (2) to establish a sufficiently enhanced 
value for the semi-coke to enable it to bring a price equal to the coal 
from which it was made; and (3) to discover new uses for the primary 
tar and gases, such as will enhance their value above the by-product 
tar and gas of present commerce. Noteworthy advance in any of 
these fields will firmly establish the economics of low temperature 
carbonization, but all three phases will likely be solved in some meas- 
ure of success. It is merely a question of raising the form value of 
the products and of lowering costs of conversion. 

The only economic justification for low temperature carboniza- 
tion, or any other carbonization system for that matter, is its ability 
to show a satisfactory yield on the capital invested, through recovery 
and sale of by-products. In the case of low temperature carboniza- 
tion integrated with another industry, such as the manufacture of 
city gas or the generation of electricity, the financial return need be 
only such as will show a reduction in the cost per unit of the final 
product, but in the case of manufacture of a solid fuel, to be mer- 
chandized to domestic and industrial consumers, the financial return 
must be such as to carry the additional costs of distribution. 

Unlike many European countries, low temperature carbonization 
cannot be justified in the United States, at the present time, on the 
grounds of national defense. From a defense standpoint, the only 
products of importance are the oils and the fixed nitrogen. For oils, 
the United States is now happily independent of other countries; for 
explosives, sufficient toluene and picric acid can be recovered in 
existing gasworks and by-product plants; and for nitrogen products, 
enough can be recovered from gasworks and coke plants, augmented 
by synthetic fixed nitrogen, to meet all emergency requirements. 

The Coke Market. In order to avoid confusion, Gentry (871) has 
noted that it is necessary to distinguish between the production of 
three types of solid fuel: boiler char, smokeless fuel, and anthracite 
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substitute. These three cases are rather clearly defined and the 
price which the semi-coke can command depends greatly upon which 
of the three forms of fuel is produced. The manufacture of an arti- 
ficial anthracite by low temperature carbonization certainly requires 
the application of pressure at some stage during carbonization. In 
some processes, we have seen that this takes the form of briquetting, 
before, after, or between stages of distillation; in others, the neces- 
sary compression is obtained by the weight of the superincumbent 
charge or by intumescence of the coal. A number of attempts have 
been made to effect the same result by introduction of pistons, or 
other mechanical devices, within the retort. Although it may be 
said, that the application of pressure to the semi-coke, either by 
briquetting or otherwise, increases greatly the cost of processing, 
the resultant artificial anthracite will command a higher price be- 
cause of its strength and density. Anthracite substitutes can be sold 
considerably below the market price for anthracite with a substantial 
profit, but a smokeless fuel cannot sell much below the raw coal and 
realize sufficient return on the investment. After all is said and 
done, in a new industry, where the advantages of a new fuel are not 
tremendously self-evident, the new fuel cannot command a price 
greater than that of the established competitive fuel. 

Of the several varieties of coke on the market, that is, beehive, 
by-product, gas coke, and semi-coke, the price and availability of 
any one has its effect on the price of all the others, even though these 
classes of coke are not strictly competitive, since they are not always 
directly interchangeable. The first is used almost wholly for metal- 
lurgical purposes, the second is used for the manufacture of water gas 
and as a domestic fuel, as well as metallurgically, while the third is 
used almost exclusively for water gas manufacture, domestic fuel, 
and industrial heating. In no case is gas coke suitable for metallurgi- 
cal purposes. As may be expected from this state of affairs, metal- 
lurgical coke plants often place their surplus coke on the market 
during slack seasons, thereby bringing about considerable price fluc- 
tuation and readjustments in the entire industry by a break in spot 
prices and a sag in the contract market. 

Aside from the manufactured gas industry and the metallurgical 
coke industry, as sources of coke for domestic fuel, there has come 
into existence the merchant by-product coke ovens. Since these 
plants are related to neither of the foregoing industries, their existence 
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is justified by their ability to undertake or arrange for the compli- 
cated marketing of their coke and by-products. For them, the 
favorable support of the local fuel merchants is a very necessary 
factor for their success. 

Practically all by-product coke ovens use the breezeas a fuel, so 
that approximately 80 per cent of it is used in this way. In both 
high temperature and low temperature practice, the breeze amounts, 
on the average, to about 10 per cent of the total coke yield. It makes 
a fairly satisfactory boiler fuel, generally being combusted on chain- 
grate stokers, since high temperature breeze is too abrasive to pul- 
verize economically. The friability of semi-coke, however, makes 
it somewhat more desirable as a pulverized fuel and, while there is 
great variation from process to process in its abrasiveness, generally, 
it is no more abrasive and requires no more power to grind than 
bituminous coal, and, in fact, some experiments report even less. 
About the only other outlet for coke breeze is to briquet it for a do- 
mestic fuel, but the cost of the additional processing, together with 
the fact that the breeze is always high in ash, makes this procedure 
undesirable if the product can be directly consumed. 

Coke has been offered to the domestic market in sizes correspond- 
ing roughly to those familiar in the anthracite trade, that is, egg, 
stove, nut, pea, and breeze. It must, however, be as carefully sized 
as anthracite, for, while stove or nut sizes can be used satisfactorily 
alone, if mixed indiscriminately with the other sizes, the tendency is 
for the fuel bed to pack, so that a satisfactory fire cannot be main- 
tained. Since these sizes are smaller than the metallurgical sizes, 
the metallurgical coke industry stands as a potential producer of 
domestic fuel, but they can never hope to compete seriously with a 
more satisfactory fuel, such as semi-coke, unless they are willing to 
undercut the latter considerably in price and are prepared to change 
their merchandizing policy, to the extent of assuring the domestic 
fuel market an adequate supply at all times. As McBride (369) 
points out, there are many who believe the fluctuating demands of 
the metallurgical industry and the steady market for domestic fuel 
are too wholly incompatible phenomena and that it is utterly im- 
possible to serve both ends at the same time. 

The establishment of coke as a permanent domestic fuel, be it low 
temperature coke, gas coke, or by-product coke, will require a long 
educational program to overcome the inertia of the public, which is 
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loath to change from established practice. The principal induce- 
ment to its use is a price differential in its favor, but often its intro- 
duction must be accompanied by an assurance of instruction in the 
proper method of using it. 

Although coke is the best available substitute for anthracite, and 
is a potential substitute for bituminous coal, it has incurred great 
disfavor as a domestic fuel for two reasons; first, because of the un- 
certainty of the supply, due to the irregularity with which it is placed 
upon the domestic fuel market by the producers and, second, because 
of the inferior quality of the product diverted from metallurgical 
uses. Thus, much of the coke which has been placed in the domestic 
market, while suitable for metallurgical purposes, is wholly unsatis- 
factory for household use. Occasionally, cokes containing excessive 
sulphur have been dumped on the domestic market by the manu- 
facturers to the end that, while the ordinary domestic purchaser is 
little concerned with the chemical composition, the odor and corrosive 
fumes from such a high sulphur product are very objectionable and 
have, in consequence, injured the reputation of coke. For these 
reasons, any attempt to introduce low temperature coke extensively 
in some localities must be associated with an educational program 
which will eliminate the bad reputation that such indiscretions have 
aroused. 

Much of the difficulty that has been experienced by domestic 
consumers with the use of coke has been its incombustibility, a fea- 
ture which semi-coke does not share with the high temperature by- 
product or gas coke. The low temperature coke contains two or 
three times more volatile matter than the others and, structurally, it 
is of a far more combustible form. In the past, much coke with a 
low fusion point ash has been put upon the market, with the result 
that the average householder has been annoyed with clinker forma- 
tion. 

Due to its greater bulk, weight for weight, coke requirés more 
storage space than either anthracite or bituminous coal. Likewise, 
a greater furnace volume is necessary for the same frequency of firing. 
Some of the difficulties that have arisen from the use of coke may be 
attributed to the fact that too large sizes have been used in a furnace 
accustomed to anthracite, with the result that the fire burns out 
quickly and can be banked only with difficulty on account of the 
fuel’s greater bulk. 
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The value of semi-coke, as a domestic fuel, depends entirely upon 
its physical condition when delivered from the retort. There is no 
doubt that, for domestic use, the semi-coke will have to be in lumps 
or in briquets. In this form it possesses all the desirable properties 
of anthracite, except possibly its density. On the other hand, it 
will, for the most part, contain less ash than the grades of anthracite 
now found on the market. Runge (366) feels that, as a competitor 
of anthracite, semi-coke could be marketed as a household fuel at 
$1.00 per ton less than the former. Since anthracite sells at $8.50 
to $9.00 per ton f.o.b. mines and retails for $13 to $15 a ton within a 
radius of 100 miles of the mines, allowing $2.00 for delivery charges, 
the semi-coke should be sold at the plant, located near the center of 
consumption, at $10 to $12 per ton, from which must be deducted a 
further $2.00 per ton for merchandizing costs. It is not generally 
desirable for the carbonization plant to undertake merchandizing its 
coke, but it is more logical to arrange with iocal fuel merchants to 
take care of its distribution to the consumer. From the standpoint 
of the dealer, this involves new problems, for coke requires greater 
storage space in his yards, larger delivery trucks, and must be 
handled with greater care than anthracite, because it is more fragile 
than coal. These considerations, together with the inherent hesita- 
tion of people to enter new fields, makes it necessary to offer the 
merchant a liberal profit, sometimes as much as $3.00 per ton, to 
induce him to handle the product. Gas coke is often merchandized 
directly by the producer, however, first, because of the narrow mar- 
gin of profit, and, second, because the strength of the product is such 
that it will not stand the extra handling and haulage of the middle- 
man. 

Porter (360) has noted, in the matter of smoke abatement, that 
there is a great deal of human psychology involved. Despite the great 
economic loss to each individual in the form of expenditures for paint- 
ing, laundry, etc., the consumer, when confronted with additional 
outlay to secure a smokeless fuel to reduce this atmospheric pollu- 
tion, hesitates because the returns are intangible. Among the larger 
consumers, such as the railroads, utilities, and industrial manufactur- 
ing establishments, this hesitancy can be overcome by force of public 
opinion. To those, such as the domestic consumer and small manu- 
facturer, who have to take close account of each outlay, the appeal 
to use smokeless fuels in place of cheaper competitive fuels is useless. 
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Legislation to force smoke abatement upon the masses is as undesir- 
able, as enforcement would be impracticable, so that the only rational 
solution is to provide a fuel that is smokeless at a price equal to or 
only slightly in advance of the raw fuels now available. 

Large quantities of coke are used in competition with anthracite 
for the generation of water gas. Although minor changes in the 
operation of the water gas plant are necessary to change from one to 
another of these fuels and although each has certain individual ad- 
vantages, the chief consideration, that determines which is used, is 
solely one of price, as reflected in the cost of manufacture of a unit 
of gas. 

Another outlet for low temperature coke has been under experi- 
mentation both in the United States and in Japan. It consists of 
associating low temperature carbonization with high temperature 
coke ovens to precarbonize part of the high temperature charge in 
order to furnish a low volatile material for blending with the remain- 
der of the coal, thereby obtaining the strength and porosity required 
in the final metallurgical high temperature coke. 

The Gas and Light Oil Markets. McBride (369) has pointed out 
that the low average price for coke oven gas in the United States 
arises partly from the fact that some of the largest producers in the 
country are affiliated with blast furnace or steel plants and the gas 
is carried on the books and reported to the government at a purely 
nominal value, which in no respect portrays its true worth, for it 
represents no real sale of the product in the open market. For this 
reason, great care must be exercised in applying average statistical 
values to specific cases. 

The serious problem in the disposition of gas is two fold; in the 
first place, it is bulky and the storage cost is great, so that it cannot 
be stored more than a few hours, at best not more than one day, and, 
second, the cost of transportation requires a market within the 
immediate vicinity of the plant or such as can be reached by pipe- 
lines or gas mains. In this manner the gas differs from the other 
products of carbonization, which can be stored for long periods and 
shipped indefinite distances. The quantity of gas that can be sold 
at a reasonable profit often determines the size of carbonization plant 
to be erected and the location of this market often determines the 
plant location also. 

The sale of gas by a carbonization plant to a public utility becomes 
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a matter of negotiation between the parties concerned. Such con- 
tracts, however, must usually be approved by the public authority 
charged with the regulation of public service corporations, so that, 
in a measure, the price which is received for the gas is determined by 
an independent group. As a rule, such a supervision offers little 
trouble, because the carbonization plant can usually offer the by- 
product gas profitably at a cost slightly below that at which it can 
be generated as a principal product, with the result that the regulat- 
ing body will approve the contract as in the best interests of the pub- 
lic. Sometimes, however, even an attractive price for the gas will 
not induce a coke operator to enter into contract to supply a public 
utility with gas for any extended period, preferring to sell his gas 
industrially ata much lower rate. The reason for this is quite 
apparent, for such a contract may require him to run his ovens at 
full capacity to meet the gas contract at a time when the market for 
his coke and other by-products is depressed, an eventuality which 
might cause him a good deal of embarrassment. 

The light oil is commonly refined at the coke plant, motor benzol 
being the chief product. Most of this refined motor fuel, and some 
of the crude benzol, is sold directly to petroleum refiners for blending 
with gasoline. The sale is usually by contract, so that the producer 
will not have to provide storage facilities and so that the petroleum 
refiner will be assured of a continuous supply of benzol. On the 
whole, spot benzol is distinctly lower than contract benzol and both 
follow rather closely the trend in gasoline prices, except that the 
fluctuations are not as great. 

The market can absorb readily all light oil that is obtained from 
coal carbonization, and.even all that could be produced, if the entire 
annual production of bituminous coal were carbonized. According 
to McBride (369), even in such a contingency, the production of 
light oil would hardly exceed one-sixth of the requirements for motor 
fuel. Practically no light oil is produced by gasworks, as it is used 
to enrich the gas, but quantities of this product are marketed from 
by-product coke ovens. As pointed out, however, the potential 
demand is so unlimited that competition from low temperature light 
oil is unimportant. 

The chemical industries can use only limited quantities of light 
oil for commercial solvents, consequently by far the major proportion 
goes into blended motor fuel, which, because of its various advan- 
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tages, can command a slightly higher price than ordinary gasoline. 
Since one gallon of light oil can be used to enrich several gallons of 
gasoline, to make a blended motor fuel, it is seen that the market 
price of light oil is determined by the gasoline market at a few cents 
per gallon above the gasoline price. 

The Tar Market. Weiss (372) states that there is more variation 
in quality among low temperature than among high temperature 
tars. Secondary tar is so cracked by the temperatures employed 
that all tars are more or less reduced to the same grade, but the 
absence of cracking makes the quality of primary tar more closely 
related to the coal from which it was extracted. LLow temperature 
tars have been known to vary among processes from a content of 7 
per cent tar acids to 50 per cent tar acids, as has already been noted 
in Chapter III, under the discussion of tar acids, and from 40 per 
cent by volume distilled upon fractionation to a temperature of 300°F. 
to 80 per cent distilled to the same pitch. Consequently, in evaluat- 
ing any low temperature tar, a careful assay is of the utmost import- 
ance. And likewise, because of this vast difference in tars, it is 
dangerous to make generalizations. 

While enormous quantities of raw tar are being burned as a fuel, 
a great deal of creosote oil and other derivatives of tar are being im- 
ported into the United States. The tar is thus debased solely because 
the producer receives greater immediate benefit from it when so 
used. This leads to a study of the economics of coal tar distillation. 
Any attempt to refine tar, for the purpose of providing creosote to 
take the place of importations, involves the simultaneous production 
of other tar derivatives. Besides creosote, the tar refiner must pro- 
duce light oil and a carbonaceous residuum, which can take any of 
three forms: soft pitch, hard pitch, or still coke. Which of the 
latter is the most desirable to produce depends upon market condi- 
tions. The production of creosote is at a maximum when still coke 
is left as the residuum and it is at a minimum when soft pitch is 
produced. In the past, there was no market, whatever, for still 
coke and, in recent years, it has been somewhat limited. Since both 
the creosote oil and a good road tar contain some of the same constitu- 
ents, it is obvious that the two cannot be manufactured at the same 
time. 

The reason so much tar is burned as a fuel at large coke ovens 
which are affiliated with metallurgical plants, according to McBride 
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(369), is one of business and economics, rather than of technical 
consideration. The only cause for the existence of such coke ovens 
is to insure continuity of coke supply to the metallurgical department 
and the policy of most companies is not to encourage expansion into 
fields of chemical industry other than the smelting of iron and the 
manufacture of steel. If the tar were not burned, other fuel would 
have to be purchased for the open hearths, so that it is considered 
less of an annoyance to burn the tar in the open hearth furnaces or 
under boilers than to undertake the uncertainties of tar sales. Only 
a bookkeeping price need be assigned to the tar, in such instances, as 
a matter of record only, and this is a contributory cause of the low 
average value assigned to tar for the United States as a whole. The 
net heating value of 166 gallons of tar is approximately equal to that 
of a short ton of 12,500 B.t.u. per pound coal, which is to say, that 
when coal is worth $5.00 per net ton delivered, on a strictly calorific 
basis, tar is worth $0.03 per gallon. On the other hand, tar has many 
practical advantages over coal that tend towards greater economy, 
so that a safe criterion is that the value of the tar as a fuel in cents 
per gallon is numerically equal to the price of coal in dollars per ton. 

Those plants, which do not wish to burn their tar as a fuel, en- 
deavor to dispose of it with a minimum of effort on their part, with 
the result that most of the sales are made through a tar broker on a 
commission basis, or else are delivered directly to the tar distiller 
under contract. Practically all of the tar placed upon the market 
is thus sold under long term agreements, so that there is really no 
such thing as a spot price for this by-product. 

Competitive bidding is entirely too inactive to advance the price 
of tar for refining. The situation is very similar to that of any com- 
modity, where the supply very greatly exceeds the demand. The 
refiners do not have to offer the producers a price very far exceeding 
its worth as a fuel to get all the good quality tar that they can 
handle. Furthermore, tar is of such low value that it cannot econom- 
ically stand transportation for very great distances. In certain 
districts, there are very few tar distillers and the producers in such 
localities are faced with accepting what is offered or with the conse- 
quence of having it left on their hands, as a result of their inability 
to reach other consumers. f 

The complex specifications for tar products that are used in 
various trades, coupled with the difficult problem of merchandising, 
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have made it desirable, from the viewpoint of most coke oven and 
gas retort operators, to confine this business to a separate industry of 
tar distillation, but there are a few small operators who undertake 
their own tar refining. However, should consideration be given to 
the financial possibilities of refining low temperature tar, it would be 
found that about 60 per cent would be yielded as oil and 40 per cent 
as pitch, with a 300°F. melting point. Runge (366) has discussed 
the economics of this procedure and concludes that the only assured 
outlet for the pitch, in large quantities, is that of a fuel, for which 
purpose it should bring $0.25 per ton of coal carbonized. Assuming 
a yield of 25 gallons of low temperature tar per ton of coal, there 
would remain about 15 gallons of low temperature oil which could be 
used principally in three ways: as a wood preservative, as a disin- 
fectant, and as a flotation oil, without any regard for its possibilities 
as a Diesel engine fuel, as crude stock for gasoline cracking, for the 
manufacture of artificial resins and other condensation products, or 
for many special uses. With creosote oil for wood preservation 
selling at about $0.17 per gallon wholesale and flotation oils at about 
$0.22 per gallon, an average value of $0.16 per gallon would seem to 
be conservative for the distilled low temperature oil. At this value, 
it would bring a revenue of $2.40, plus the return from the pitch, ora 
total return of $2.65 per ton of coal carbonized. This is equivalent 
to over $0.08 per gallon for the raw tar, after deduction of $0.02 per 
gallon for distilling cost. 

The extent to which tar distillation can be carried out successfully 
essentially is based upon a well balanced demand for all of the prod- 
ucts. Tar cannot be refined economically unless all of its deriva- 
tives can be sold within a reasonable time after production and at a 
price which represents a fair margin of profit above their allocated 
costs of crude stock and of refining. The unbalanced condition in 
the market of tar products is responsible for the fluctuation in prices 
and it depends more upon the relation between supply and demand of 
specific products than upon any consideration of value or cost of 
production. As far as the light oil fraction is concerned, there is no 
limitation to its market, hence, the quantity of tar which is distilled 
depends entirely upon the outlets for the other products. While 
there are various uses in the chemical industries for tar derivatives, 
the requirements are small compared to the potential supply and, 
moreover, many of the desired compounds can be manufactured syn- 
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thetically, a method which has an economic advantage over tar 
distillation, in that it has only one final product to be sold. 

During distiliation of the tar, the first volatile constituents to be 
removed are the light oils up to 170°C. or 200°C., which contain a 
very small proportion of nitrogen bases and phenolic derivatives. 
When only the light oils and water are distilled from the crude stock, 
the heavy tar remaining is used in surfacing roads, painting of pipe, 
and for saturating roof felt and other porous materials. Removal of 
more of the volatile matter leaves a soft pitch suitable for the im- 
pregnation of paving blocks, for a road binder, for the manufacture 
of built-up roofing, and for other waterproofing requirements. If the 
distillation be carried to a point where all the volatile is removed, 
pitch or still coke remains. The pitch coke can be used for certain 
metallurgical requirements, where a fuel of low ash and sulphur is 
desirable. Its strength, however, is such as to prohibit its use in 
furnaces where the fuel is required to carry a heavy burden. Most of 
the still coke is used as a fuel, but it does not burn very readily on 
grates. The two important characteristics of pitch, which deter- 
mine its availability for various uses, are its hardness and its brittle- 
ness at ordinary temperatures. As a roofing material, it is obvious 
that a pitch which softens and becomes sticky during summer tem- 
peratures is quite as undesirable as one which cracks under foot dur- 
ing the winter, because of its brittleness. 

The acids are removed from crude tar through forming a water- 
soluble compound by treatment with caustic soda, after which the 
tar acids are recovered with sulphuric acid and are finally washed 
and redistilled. These tar acids, in the form of either crude or re- 
fined phenols and cresols, are used in the preparation of synthetic 
resins and other condensation products, as well as in the manufacture 
of insecticides and of disinfectants. Although formaldehyde con- 
densation products, of the bakelite type, have been prepared from 
the creosote fractions of low temperature tars, Soule (873) has some 
doubt regarding the ability of this market to absorb any large quanti- 
ties of low temperature tar products, but their extreme cheapness 
may stimulate their use in a variety of related ways. 

According to Soule (374), the tar distiller receives his largest 
financial return from creosote oil which is used as a wood preserva- 
tive. Coffin (875) ascribes the superiority of low temperature tars 
for wood preservation, first, upon their high acid content and, second, 
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upon the oxygenation of the low temperature oil. This oxygenation 
converts the hydrocarbons from liquids to solids, in the surface layers 
of the impregnated material, and forms a permanent filler for the 
cell walls. Consequently, it is felt that low temperature oils are 
particularly adapted to what is known as the empty cell method of 
creosoting, regardless of its superiority from a toxic standpoint. 
While large amounts of tar are refined to produce creosote oil for the 
preservation of timbers, which are placed in the ground or other 
damp places, it is by no means without competition in this field. 
Zinc chloride is also extensively used for impregnating mine timbers, 
posts, railroad ties, etc. The insolubility of creosote oil is distinctly 
an advantage initsfavor. As far as resistance to decay is concerned, 
there is no doubt that creosote is superior to zine chloride, but in 
many cases the timbers have to be removed because of mechanical 
wear long before they have decayed. In treating railroad ties for 
main lines, where the traffic is heavy, this consideration is of particu- 
lar importance and results in selecting the cheaper preservative. 

The specifications for creosoting oils are now based principally 
upon the physical characteristics of the oil, such as the boiling point, 
viscosity, and specific gravity, instead of upon an analysis of the 
creosote content. The name of creosote oil is applied to this fraction 
of the tar because of the phenolic derivatives that are present and 
which prevent the growth of fungi by their toxic action. According 
to Weiss (372), with a few exceptions, the primary oils are too low in 
specific gravity to meet the present standards of wood preservation, 
but this does not mean that they will not make good preservatives. 
The situation is somewhat analogous to water gas tar, which was 
pushed for over ten years before it became acceptable for this pur- 
pose, and low temperature tars must face and overcome the same 
situation by demonstrating their usefulness and by requiring a 
change in obsolete standards. A number of railroad ties have been 
in service eight years, after being treated with low temperature creo- 
sote oil, and they are in substantially the same condition as those 
treated with creosote oil which met the specifications for wood pres- 
ervation. 

There has been a good deal of discussion regarding the manufacture 
of lubricating oils from low temperature tar. It has been thought 
likely that the ready oxidation of the phenolic constituents would 
cause trouble. Practical tests, however, have shown that this diffi- 
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culty is not great for lubrication in accessible places where the parts 
can be cleaned. A high grade lubricant can be produced, neverthe- 
less, by removing the phenolic derivatives, but that somewhat in- 
creases the cost of production. Soule (373) states that the low tem- 
perature hydrocarbons below 326°C. apparently have only slight 
value as lubricants, but the readiness with which these compounds 
polymerize suggest the possibility of treating them further with 
aluminum chloride, as a polymerizing agent according to the method 
of Heusler (376), to convert them into lubricating oils. The value of 
unsaturated hydrocarbons in lubricants has often been brought out 
and it has been shown that the frictional resistance between rubbing 
surfaces bears a relationship to the amount of unsaturates present. 
Consequently, it is anticipated that low temperature oils above 300°C. 
possess considerable lubricating value. 

This latter view has been substantiated by Nielsen and Baker _ 
(377) (378) in tests by the British National Physical Laboratory on 
the lubricating properties of a refined low temperature oil from the 
Nielsen process. As compared with a well known English brand of 
mineral lubricating oil, both the density and viscosity of the low tem- 
perature oil was greater. There was very little difference in the 
journal friction between the two samples, but the low temperature 
specimen apparently had a less abrupt siezing temperature and was 
a more satisfactory lubricant than the mineral oil at high loads. 
Nielsen and Baker reconcile the difference of opinion, expressed by 
many authorities, regarding the suitablity of low temperature oil 
for lubrication, by the fact that these oils depend so much upon the 
process of production for their quality. Thus, redistillation and 
cracking of the oils in poorly designed externally or internally heated 
retorts greatly injures the value of the low temperature oil as a 
lubricant. 

For use as a paint, the thickening of low temperature tar in air, 
due to the oxidation of the phenols, is of practical value. Used 
alone, the tar gives a soft brown color, but this, of course, may be 
modified by the addition of pigments. In one test of low tempera- 
ture tar as a coating for woodwork and ironwork, after two years of 
exposure, both the paint and the coated material are said to have 
been in good condition. 

Despite statements to the contrary, Runge (366) has pointed out 
that very little work has been done in ascertaining the nature of low 
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temperature tar derivatives as applied to their use in the prepara- 
tion of dyestuffs and pharmaceuticals and comparatively few of the 
tar derivatives, as now known, can be used for these purposes. 

The special properties of low temperature tars adapt them to 
certain applications where they should command a good price, pro- 
vided they are not produced in excessive quantities, in which case 
they can find immediate consumption only as a fuel oil. Undoubt- 
edly important industrial uses will be developed for the special con- 
stituents of low temperature tar, but it is inconceivable that any 
such markets could be of a scale comparable to a national use of 
semi-coke as a domestic and power fuel. These special uses may be 
sufficient to command a premium for low temperature tar as a raw 
material during the initial stages of development in the industry, 
but when the manufacture of low temperature coke assumes a tre- 
mendous scale, the only assured price for primary tar is that of its 
use as raw stock for the manufacture of motor spirit, lubricants, and 
fuel oils, a price set largely by the petroleum industry at the present 
time. 

The Fixed Nitrogen Market. As far as ammonium sulphate is 
concerned, this by-product can be neglected in most cases, when 
studying the economics of low temperature carbonization, because 
of the relatively small quantities that are recovered, in processes of 
the externally heated type, and because of the great cost of recovery 
apparatus of large capacity, in processes of the internally heated 
type. The uncertainties of the nitrogen market and present price 
levels, with little hope for future betterment, strengthen the argu- 
ment, so that about the best that can be said, in general, for the nitro- 
gen products of low temperature carbonization is that they consti- 
tute a potential supply, should the nature of the process and market 
conditions warrant recovery. However, because of the contro- 
versial nature of this point, the author included the revenue from 
ammonium sulphate in Table 123 and estimated the capital cost of 
the ammonium sulphate plant in Table 125, together with its operat- 
ing costs and overhead in Table 126. To better clarify the reasons 
for this situation, it is necessary to study the fixed nitrogen market. 

Although the bulk of the fertilizer demands for nitrogen is met 
by saltpeter and ammonium sulphate, they must compete in a minor 
way with other plant foods which contain fixed nitrogen, such as 
tankage, cotton-seed meal, etc. For most agricultural purposes, 
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the two principal nitrogen fertilizers are interchangeable, but both 
have special advantages under particular conditions. As a conse- 
quence, the trend of ammonium sulphate prices follows very closely 
that of Chilean nitrate. The price of the latter is fixed annually 
for each country in the world by the association of Chilean producers, 
after consideration of the available supplies of fixed nitrogen through- 
out the world and the prospects for competition. This price having 
been fixed, the price of ammonium sulphate is adjusted accordingly 
and thereafter, throughout the year, the fluctuations of spot sulphate 
are determined wholly by the demand and available supply in each 
locality. : 

By-product coke plants usually recover the ammonia as ammonium 
sulphate, while gasworks usually recover it as ammoniacal liquor. 
There is very little difference in the market price of these two nitro- 
gen products per unit of ammonia. Since the liquor is much easier 
to make than the sulphate, even a very slight advance in price of 
liquor, relative to sulphate, will stimulate the manufacture of the 
former to such an extent that there will be a recession in price. Ac- 
cording to McBride (369), in 1920 only about 25 per cent of the gas- 
works of the United States recovered ammonia from their coal gas 
retorts, even though the ammonia had to be scrubbed from the gas 
by a surplus of water to purify it, simply because the local market 
value was insufficient to pay the cost of its concentration. The 
marketing of ammoniacal liquor from the few very large plants which 
dispose of it is a very simple task, for long term contracts are usually 
made with ammonia companies to take the entire liquor output. 
The ammonia company then customarily arranges for a local con- 
centrating plant, so that the liquor can be concentrated to a strength 
which will make shipment economical. The problem of its ultimate 
disposition is thus left in the hands of an independent company. 

The market for liquid ammonia, including the demand of chemical 
industries and the refrigeration trade, is decidedly limited and is 
greatly exceeded by the potential production. In the past, these 
markets have been controlled by a few ammonia companies, which 
obtained their ammoniacal liquor from gasworks, but the advent of 
synthetic ammonia has brought about serious competition in this 
field. The same may be said of the explosive industry where, in 
the past, ammoniacal liquor concentrated to 25 per cent ammonia 
content, has been used in the manufacture of gunpowder. This 
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requires the concentration of gasworks ammonia to a strength many 
times exceeding that at which it is produced, an operation far less 
convenient than dilution of anhydrous synthetic ammonia. The 
outcome of the entire situation is that, like all other ammonia prod- 
ucts, the liquid ammonia price follows very closely the price of 
fertilizer. 

There is a general consensus of opinion that cheap fixed nitrogen 
is more likely to come from development of the direct synthetic 
processes than from any other source. According to Curtis (379), a 
number of estimates indicate that it can be produced at a price 
ranging near $0.07 per pound of fixed nitrogen, or about $0.05 per 
pound of ammonia, and present indications are that the market for 
anhydrous and aqua ammonia in the United States will be saturated 
from this source. This is about one-half the price of ammonia in 
ammoniacal liquor and one-third the price of nitrogen in Chilean 
nitrate. It does not follow that, given cheap ammonia, there will be 
cheap fertilizer, for it must be combined with sulphuric acid, phos- 
phoric acid, or otherwise, before it is available for this use. 

However, Curtis (380) says that the cost of producing synthetic 
ammonium sulphate by any process now available is considerably in 
excess of the cost of producing ammonium sulphate in a by-product 
coke oven. Furthermore, before the gas can be used for most do- 
mestic and industrial uses, it must be purified and the ammonia re- 
moved either as the sulphate or otherwise, regardless of the market 
price of fixed nitrogen. Consequently, by-product ammonia is 
absorbed in the market before the synthetic stocks are drawn upon 
By-product ammonium sulphate has never enjoyed a selling price 
determined by its cost of production. Before the advent of syn- 
thetic nitrogen products, the imports of Chilean nitrate set the market 
price. But even Chilean nitrate was not sold on a basis of production 
cost, but enjoyed a suspension of the usual laws of economics, in 
that it formed practically a world monopoly. Apparently, however, 
the cost of producing synthetic ammonia is now much below the 
selling price of Chilean nitrate in the past, so that, for the first time, 
that source of supply is facing serious competition. It is unlikely, 
that the Chilean guana fields will ever again hold this dominating 
position over the world market for fixed nitrogen. Consequently, 
the outlook for the future is lower prices for fixed nitrogen and, 
hence, for by-product ammonium sulphate. Despite this forecast of 
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reduced prices, however, the production of by-product ammonium 
sulphate will continue to increase for reasons already set forth. 
But even so, the relative place of coal as a source of nitrogenous 
fertilizer will become of less and less importance. Curtis (380) 
notes that a score of years ago Chilean saltpeter was the principle 
source of supply for fertilizer, a decade ago by-product nitrogen was 
foremost, but today synthetic fixed nitrogen supplies more than all 
the rest combined. The relative importance of these three major 
sources as they now stand will probably never again change. 

Synthetic ammonia made by the fixation of atmospheric nitrogen 
has become an active competitor of gasworks in the ammonia market, 
with the result that the larger gas plants have found it expedient to 
curtail their production of ammoniacal liquor and produce am- 
monium sulphate instead. But even in the fertilizer field, where 
ammonium sulphate competes with Chilean nitrate, synthetic am- 
monia plants stand as a potential source of these materials. 

Among other ammonia salts, ammonium chloride has a large po- 
tential market and present demands are largely met by importation. 
The price differential, however, is such that, whether or not a pro- 
ducer would undertake its production, depends entirely upon its 
market price relative to ammonium sulphate. If cheap phosphoric 
acid were made available, ammonium phosphate could be easily 
manufactured and would find a receptive fertilizer market. Such a 
compound would be an ideal fertilizer, as it contains two essential 
foods for plant life. 

Chilean nitrate and synthetic fixed nitrogen products can be sold 
at a market price fixed only by supply and demand and the cost of 
production, but ammonium sulphate from gasworks or by-product 
ovens is only one of several related products and there is no relation 
between its market price and its cost, such as must prevail in the case 
of the former materials. 

McBride (369) points out that approximately 90 per cent of the 
ammonium sulphate produced in the United States is marketed on a 
commission basis and practically all of the business is done under con- 
tract by a single selling agency, which maintains an elaborate organi- 
zation in this country and abroad to keep in touch with market 
conditions. Very little of the exported ammonium sulphate is 
handled independently. The increased production of this chemical 
by foreign plants, however, has made serious inroads on this foreign 
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trade, to such an extent that the export price is usually below the 
domestic price, which, in turn, is so low as to practically prohibit 
imports. 

Nevertheless, the domestic fertilizer business is the greatest po- 
tential field for the permanent disposition of ammonium sulphate, but 
for any great development in this line an educational campaign will 
be necessary for the benefit of the companies who manufacture fer- 
tilizers, as well as for the farmers who consume them. As a matter 
of national economics, as well as of national independence, it is de- 
sirable that much of the Chilean saltpeter that is annually imported 
for fertilizer in the United States be replaced by domestically pro- 
duced ammonium sulphate. In nitrogen equivalent, the ammonium 
sulphate that is exported from the United States annually amounts 
to 35 per cent or 50 per cent of the nitrogen equivalent of imported 
nitrate from Chile. In further consequence of such a development, 
would be a strengthening of the national defense, by rendering the 
country independent of regular nitrate importations for the manu- 
facture of munitions of war. 

Curtis (879) notes that there has always been great parity in the | 
United States between the prices of Chilean nitrate and those of 
ammonium sulphate, compared on the basis of nitrogen content. 
Until 1916, Chilean nitrate was always slightly below the price of 
ammonium sulphate, but, after that date, the ammonium sulphate 
has remained correspondingly cheaper. About 1895, Chile supplied 
approximately 75 per cent of the world’s nitrogen requirements, but 
today that country supplies somewhat less than 40 per cent of the 
world’s demand, although both consumption and production have 
greatly increased. It would appear, therefore, that, at present, 
Chilean nitrate would no longer control the nitrogen market, but 
such is not the case. By its very nature, nitrogen from by-product 
plants will be sold always at a price which will insure its sale, the 
balance of the market being taken by the Chilean nitrate. 

Bain (381) has estimated that Chilean nitrate can be profitably 
marketed in the United States until the price of $35 per short ton is 
reached. Below that price, even the most improved methods of 
production, of transportation, and of marketing, can not maintain the 
full imports and the importations will fall off in proportion as the 
price falls below that figure. At approximately $28 per short ton, 
it is estimated that there would be practically no offerings. These 
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figures for nitrate correspond roughly to $46 per ton and $37 per 
ton, respectively, for ammonium sulphate, when computed on the 
nitrogen equivalent, and they may be taken as indications of the 
minimum prices that ammonium sulphate will attain, unless syn- 
thetic fixed nitrogen can be produced in quantities more cheaply than 
this. As long as the above prices are maintained, it is assured that 
ammonium sulphate will continue to be produced by all by-product 
coke ovens, except the smaller less economical plants, whose shut- 
down would not materially affect the supply. The production of 
ammonium sulphate will depend, therefore, more upon the production 
of coke and gas than upon the market price of sulphate. 

Potential Markets. It has heretofore been noted, that essential 
to the economic success of any process for the treatment of high or 
medium grade fuels by low temperature carbonization is an adequate 
disposition of the solid residuum. A study of the consumption of 
solid fuel by industries will give, therefore, some indication of the 
markets in which semi-coke can compete and also some idea of the 
extent to which low temperature carbonization can be carried out 
when proper outlets develop for the by-products which would arise 
from future expansion. 

The last statistics for the consumption of coal by industries in 
the United States were compiled for 1923 by the Department of 
Commerce (382), but, while there have been changes in the total fuel 
consumption, there is reason to believe that there was no essential 
change in the percentage consumption by each industry up to 1927. 
The figures are tabulated in Table 128. It will be observed from the 
table that the railroads are by far the largest consumers of coal in 
the United States, accounting for 26.5 per cent of the entire consump- 
tion. Next, in order of importance, comes the domestic and general 
industrial trades, each of which use approximately 19.5 per cent of 
the entire amount. The various methods of coal carbonization that 
are already in existence, that is, gasworks, beehive ovens, and by- 
product ovens, all together account for approximately 14.0 per cent 
of the total consumption. Deducting that already carbonized, 
together with that consumed for miscellaneous purposes, we note 
that about 80 per cent of the entire coal consumption of the United 
States can be substituted by processed solid fuel. 

While it is quite true that the future will see increased use of gas 
by the domestic and industrial markets, such a substitution merely 
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means a shifting of coal consumption from one industry to another 
and there is no basic reason why such an increase in the use of gas 
should not be met by carbonization at low temperatures. There is 
also a tendency towards electrification of railroads, mines, and other 
industries, a development which, in the future, will doubtlessly 
shift the coal consumption to large central electric stations. Such 
impending changes in coal utilization will increase the efficiency with 
which the fuel is consumed, thereby conserving the national fuel 


TABLE 128 
Consumption of coal by industries in the United States during 1923 


NET TONS 
INDUSTRY 
Anthracite Bituminous Total Per cent 
Mines and quarries.......... 8,018,000 | 12,955,000 |} 20,973,000 | 3.46 
Raitoa ds tween cee 4,578,000 | 155,795,000 | 160,373,000 | 26.47 
(GaswoOrks ce ste ni coe 1,010,000 5,150,000 6,251,000 | 1.03 
Electric utilities and rail- 

WAS Siiee nace awit nn cee 2,273,000 | 386,800,000 | 39,073,000 | 6.438 
Beehive coke................ 30,085,000 | 30,085,000 | 4.96 
By-product coke............ 54,280,000 | 54,280,000 | 8.96 
Domestic and foreign 

DUNKETS a. technica deere 8,035,000 8,035,000 | 1.33 
Iron and steel works........ 30,220,000 | 380,220,000 | 4.99 
General industrial use....... 119,280,000 | 119,280,000 | 19.68 
IDOMESTICH wiceenn sealer 52,344,000 | 66,400,000 | 118,734,000 | 19.60 
Miscellaneous............... 18,600,000 18,600,000 | 3.07 

RRO ae teint Gee eee eee Ae 86,914,000 | 519,000,000 | 605,914,000 |100.00 


resources. On the other hand, the centralization of fuel utilization 
will make its processing an altogether more profitable enterprise. 

Of the estimated world’s production of 117,000,000 net tons of 
coke in 1925, the United States produced 44 per cent, according to 
statistics gathered by Tryon and Bennit (383). The production of 
by-product coke has increased tremendously from 3,462,000 net tons 
in 1905 to 43,921;000 net tons in 1927, the production of beehive 
coke ‘declining from 28,768,000 net tons in 1905 to 7,004,000 net 
tons in 1927. The coke imports to the United States amount to less 
than 0.5 per cent, while the exports account for approximately 2 per 
cent of that produced. During the decade from 1917 to 1926, in- 
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clusive, the total value of the products from by-product ovens in the 
United States ranged from $8.86 to $13.55 per net ton of coal car- 
bonized, the cost of the raw coal ranged from $3.88 to $7.73 per net 
ton, while the excess value of the carbonization products over the 
coal ranged from $2.38 to $5.82 per net ton of coal. 

From 77 per cent to 83 per cent of the coke produced in the United 
States is consumed by blast furnaces, which, together with other 
metallurgical uses, leaves less than 5 per cent for consumption in the 
domestic market and we have seen that this supply is very irregular, 
depending, as it does, upon depressions in the steel industry. As 
interesting as these statistics may be, they do not have as much bear- 
ing upon the marketing of low temperature coke as do statistics 
gathered from the manufactured gas industry. McBride (369) in- 
vestigated this subject and reported that in 1918 the manufactured 
gas industry of the United States sold 1,813,000 net tons of coke, 
representing roughly 60 per cent of that produced, at an average 
price of $7.70 per net ton. In 1920, the sales amounted to 1,378,000 
net tons, or roughly 40 per cent of that produced, and were disposed 
of at an average price of $8.44 per net ton. The reason for this 
decrease was attributed to the coal strike, which made it desirable 
to use the coke at the plant in water gas manufacture. In general, 
the price received for coke is governed by local conditions and it 
usually retails at $1.00 to $2.00 per ton less than anthracite. In 
1918, the sale price ranged from $2.75 to $19.13 per ton, while, in 
1920, it ranged from $1.00 to $15.17. These figures are all wholesale 
prices for domestic fuel, or to other companies for use in manufactur- 
ing water gas. According to Tryon and Bennit (383), 1,125,000 net 
tons of by-product coke, valued at $7.92 per net ton, were produced 
in the manufacture of city gas during 1925. These authorities re- 
port a variation in average value of the coke produced by the by- 
product ovens of the manufactured gas industry from $7.32 per 
net ton to $11.42 per net ton over the period 1918 to 1925, inclusive. 

The receptiveness of the trade to a processed fuel is indicated by 
the fact that the production of fuel briquets in the United States 
increased from 581,000 net tons in 1924 to 971,000 net tons in 1927 
and the briquetting industry seems to have held its place after an 
abundance of anthracite was placed upon the market, following the 
end of the coal stoppage. The possibilities of increase in this indus- 
try are recognized, when it is noted that Germany alone produced 
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approximately 5,500,000 net tons of coal briquets and 40,100,000 net 
tons of brown coal briquets during 1927. 

In 1918 there were produced 263,300,000 gallons of coke oven tar 
in the United States, of which 200,200,000 gallons, or 76.0 per cent, 
were sold. The production increased to 529,500,000 gallons in 1926, 
while the sales increased to 277,300,000 gallons, or only 52.3 per 
cent. This great decrease in the percentage of tar that was sold 
illustrates the extent to which the market has become saturated and 
shows the increasing extent to which coke oven tar has found con- 
sumption as a fuel. Out of a total of 416,979,000 gallons of tar, of 
~ all varieties, that were produced during 1918 in the United States, 
the manufactured gas industry contributed 52,694,000 gallons of coal 
gas tar and 100,985,000 gallons of water and oil gas tar, the remainder 
being derived from coke ovens, as above. While the total tar pro- 
duction had increased to 549,775,000 gallons in 1923, the increase 
occurred mainly in coke oven tar, which accounted for 440,907,000 
gallons, coal gas tar from the manufactured gas industry increasing 
only slightly to 58,877,000 gallons, and water and oil gas tar decreas- 
ing tremendously to 49,991,000 gallons. McBride (869) reported 
that during 1920 about 51,000,000 gallons of tar were produced by the 
manufactured gas industry, of which appoximately 90 per cent was 
sold and 6 per cent was burned. The average price received in that 
year for coal gas tar by 316 plants in the United States was $0.043 
per gallon, although 72 plants received over $0.06 per gallon and 21 
plants obtained $0.10 per gallon, or more. 

In 1920, the total amount of crude light oil produced by all sources 
in the United States was 123,333,000 gallons, of which 106,564,000 
gallons were refined on the premises and the remainder sold as crude 
stock. Of this total, 109,710,000 gallons were recovered by coke 
ovens, 2,906,000 gallons by water gas plants, and 10,717,000 gallons 
came from manufactured coal gas plants. In 1926, the total produc- 
tion had increased to 164,060,000 gallons, of which 159,590,000 gallons 
were refined on the premises, yielding benzol as the principal product. 
The total production of benzol in the United States, including both 
the crude and refined, as well as motor benzol, was 83,371,000 gallons 
in 1920, of which 72,995,000 gallons were sold at an average price 
of $0.239 per gallon. The total production increased to 112,489,000 
gallons in 1926, of which 111,489,000 gallons were sold at an average 
price .of $0.191 per gallon. 
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The total production of motor fuel in the United States during 
1918 amounted to 3,901,000,000 gallons, of which 3,570,000,000 
gallons came from refining petroleum, 283,000,000 gallons were ex- 
tracted from natural gas, 45,000,000 gallons came from coke ovens, 
and 3,000,000 gallons were distilled at tar refineries. The total 
production had increased to 12,135,000,000 gallons in 1925, of 
which 10,903,000,000 gallons came from petroleum, 1,128,000,000 
gallons came from natural gas, 104,000,000 gallons came from coke 
ovens, and only 742,000 gallons came from tar refineries. Regarding 
the other products of petroleum, gas and fuel oil production amounted 
to 9,660,000,000 gallons in 1921, increasing to 15,340,000,000 gal- 
lons in 1926, while lubricating oils were produced to the extent of 
876,000,000 gallons in 1921 and 1,355,000,000 gallons in 1926. 

The shale oil distillation industry of the United States (384), while 
not large, is making progress. In 1923, approximately 10,300 net 
tons of shale were carbonized to yield 392,000 gallons of oil and in 
1924 about 23,400 net tons of oil shale were distilled to recover 
600,000 gallons of oil. Some of this oil was sold for fuel, while a 
large part was refined for its by-products. 

Coffin (3875) states that from 6 pounds to 12 pounds of creosote 
oil per cubic feet of timber are used in wood preservation, depending 
upon whether the vacuum or the pressure process of treating is em- 
ployed. In other words, from 2.5 gallons to 5.0 gallons of oil are 
consumed in creosoting each railroad tie that is so treated. In 
addition to the treatment of railroad ties, there is a vast outlet for 
creosote oil in treating poles, posts, piles, mine props, shingles, and 
other forms of lumber. The domestic production of creosote oil 
increased from 59,100,000 gallons in 1919 to 90,300,000 gallons in 
1926, while imports to the United States, mainly from England and 
Germany, increased from 6,500,000 gallons to 95,400,000 gallons in 
the same years. There is no real difficulty, therefore, in disposing of 
the creosote fractions of either low temperature or high temperature 
tar, as far as the market is concerned. Incidentally, it might be 
mentioned, that a good deal of low temperature oil from the Mac- 
laurin process has actually been imported to the United States, 
where it has been sold as creosote oil and is said to have been of better 
quality than that ordinarily found in the local market. 

The real difficulty in the tar distilling industry has been the burden 
of pitch disposal. The use of the residual tar and petroleum dis- 
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tillates has grown tremendously in the past decade, until today the 
demand for road material constitutes one of the largest single fields 
for tar products. In 1925, there were consumed in the United States 
about 100,000,000 gallons of road bitumen, of all types, and this 
figure is increasing at the rate of about 8 per cent per annum. Soule 
(385) states that, while the market for creosote oil in increasing, the 
market for pitch is rapidly decreasing, due to competition from pe- 
troleum asphalt, as a roofing material, and from both petroleum 
asphalt and concrete, as a paving material. The tendency, there- 
fore, is for the tar refiners to distill more and more of the tar to a 
hard pitch. Consequently, the outlook for the pitch is only its 
value as a fuel, in which field it can command about $0.03 per gallon. 
For this reason, the tar, which contains the greatest amount of creo- 
sote oil and the least amount of pitch, as does primary tar, is worth 
the most to the distiller and, hence, will doubtlessly command a 
higher price in the future than high temperature tar. 

Another outlet for low temperature oil is that of gas oil for car- 
buretting water gas, a use for which tests have demonstrated its 
suitability. Since 743,000,000 gallons, of gas oil were used in 1920, 
according to McBride (886), it is estimated that upwards of one billion 
gallons were consumed in the United States during 1927. 

In the past, disposal of pitch has been a difficult problem, as it 
has faced a highly competitive market from bitumen from other 
sources, such as the petroleum industry. At times, it could not 
even be sold at any price and the accumulated surplus itself became 
a burden. Ultimately, it was found that this pitch could be coked 
in abandoned beehive ovens to yield a material useful for special 
purposes. Beehive pitch coke is very hard and, because of its free- 
dom from ash and sulphur, it has been found to be particularly suit- 
able for certain phases of the metallurgical industry, to the extent 
that its price is considerably greater than that of by-product coke. 
The pitch coke market is not yet saturated and Weiss (372) states 
that some 300,000 net tons have been Saisie of in the United 
States from 1921 to 1926. 

It is generally conceded that the trend is for lower manufactured 
gas prices in the future, especially if any great expansion takes place, 
through increased consumption for domestic heating, and increased 
production, through a general adoption of low temperature carboni- 
zation, either for the preparation of a domestic fuel or a boiler fuel. 
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On the other hand, depletion of the natural gas supply is likely to 
increase the price of this fuel to a point more compatible with the 
value per thermal unit that has been enjoyed by other gaseous fuels. 
While coke oven gas has been gradually replacing natural gas for a 
number of years, the general trend is yet too indefinite to determine 
the extent of this substitution. The replacement of natural gas by 
coke oven gas for city distribution is the normal outcome of deple- 
tion of the natural gas fields. There are also additional factors 
which affect the situation, among them the relative prices of anthra- 
cite and gas oil, both of which are used in the production of manu- 
factured gas. 

According to Tryon and Bennit (883), the total gas sales of the 
United States increased from 895,000,000,000 cubic feet in 1915 to 
1,834,000,000,000 cubic feet in 1925. Of the total in 1915, surplus’ 
coke oven gas represented 9.4 per cent, or 34,000,000,000 cubic feet; 
manufactured coal and water gas, 20.3 per cent, or 182,000,000,000 
cubic feet; and natural gas 70.3 per cent, or 629,000,000,000 cubic 
feet. Of the total in 1925, surplus coke oven gas represented 19.7 
per cent, or 362,000,000,000 cubic feet; manufactured coal and water 
gas, 15.4 per cent, or 283,000,000,000 cubic feet; and natural gas, 64.9 
per cent, or 1,189,000,000,000 cubic feet. The production of natural 
gas in the United States has been irregular in trend (387), increasing 
from 582,000,000,000 cubic feet in 1913 to 795,000,000,000 cubic 
feet in 1917, after which it decreased, through exhaustion of the 
known fields, to 662,000,000,000 cubic feet in 1921, rising again to 
1,164,000,000,000 cubic feet in 1925, with the discovery of new 
supplies. 

Statistics, gathered by Curtis (879), show a regularly increasing 
trend of sodium nitrate importations from Chile, rising from 656,000 
net tons in 1910 to a maximum of 2,199,000 net tonsin 1919. There- 
after the importations have had erratic fluctuations, rising to 
1,383,000 net tons in 1920, falling to only 121,000 net tons in 1921, 
and again climbing to 1,266,000 net tons in 1925. 

The ammonium sulphate produced in by-product coke ovens of 
the United States, according to Curtis (379), increased from 35,000 
net tons in 1915 to 348,000 net tons in 1922 and the total ammonium 
sulphate equivalent, including what might have been manufactured 
from the ammoniacal liquor which was recovered, increased from 
81,000 net tons to 449,000 net tons over the same period. The 
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amount of nitrogen that was recovered from the manufactured gas 
industry was far less and the trend of production indicated a decrease 
of recovery. The total ammonium sulphate equivalent, obtained 
from coal gas plants in the United States, decreased from 54,000 net 
tons in 1912 to 30,000 tons in 1922. 

An analysis of the nitrogen supply of the United States, made by 
McBride (869), shows an increase from 76,000 net tons of nitrogen 
in 1919 to 117,000 net tons in 1924, exclusive of Chilean nitrate, but 
including all other nitrogenous forms. Of the 1924 supply, 91.5 
per cent was recovered from coke ovens, 4.7 per cent came from gas- 
works, 3.0 per cent was produced from atmospheric fixation, and 
0.8 per cent was imported as ammonium sulphate. The production 
of synthetic ammonia has increased substantially since these statis- 
tics were gathered. Of these supplies, 38.5 per cent was consumed 
in mixed fertilizer, 23.1 per cent was exported, 15.9 per cent was sold 
as aqua ammonia, and 11.5 per cent as anhydrous ammonia, the 
remainder being used in the manufacture of chemicals and explosives 
or consumed directly as an unmixed fertilizer. 

Orrok (888) has noted that the entire fixed inorganic nitrogen 
supply of the United States in 1926 amounted to 282,000 net tons of 
nitrogen content, of which roughly 38 per cent was represented by 
ammonium sulphate, obtained from the distillation of coal; 56 per 
cent was imported from Chile as saltpeter; 2 per cent consisted of 
other nitrogenous imports; while the remaining 4 per cent was fur- 
nished by the synthetic fixed nitrogen industry. This supply was 
consumed to the extent of 36 per cent as domestic fertilizer; 24 per 
cent for export; 28 per cent was used as ammonia, principally as a 
refrigerant; and 12 per cent found its way into the chemical and 
explosive industries. 

Central Station By-Product Recovery. One of the greatest fields 
for low temperature carbonization is in the preparation of a boiler 
fuel with simultaneous by-product recovery. In this instance, the 
smokeless characteristic of semi-coke loses its significance, where 
large power stations, equipped with modern high efficiency combus- 
tion equipment, are concerned. The application of low temperature 
carbonization to such plants, therefore, must be largely justified 
by the economies which it effects in the cost of power, through the 
recovery and sale of by-products, rather than upon consideration of 
the civic interests of the community. Economically, the most favor- 
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able situation for the integration of low temperature carbonization 
with central electric stations is obviously where the electric power 
company is affiliated with a city gas company. In such cases, the 
natural growth of gas load can be met by gas from the carboniza- 
tion plants, built to provide a processed fuel for new steam gener- 
ating capacity, installed to meet the growth in the electric load. 
Furthermore, such an affiliation provides an assured and adequate 
outlet for the most difficult of all by-products of carbonization to 
market. 

Brownlie (389), in discussing the application of low temperature 
carbonization to by-product recovery in central electric stations, 
classifies the processes into three general methods: first, those in 
which the coal is carbonized in the slack or crushed condition and is 
fed to the furnace on stokers; second, those in which the coal is 
distilled while in the powdered form, in which case the semi-coke is 
fired to the furnace as a pulverized fuel; and, third, those in which 
the solid fuel is completely gasified and the gas is burned under 
boilers or is used as a fuel for internal combustion engines. He 
further divides the first class into two types: those which are pri- 
marily intended to be used in conjunction with a boiler furnace, and 
those which are segregated from and may be operated entirely inde- 
pendently of a boiler furnace. In the last category, practically all 
low temperature processes may be included. 

Some full-scale experimental work has been carried on in England 
(390) on the use of low temperature gas from an internally heated 
partial gasification process as a fuel for internal combustion engines. 
The scheme has been quite successful, when using a low grade refuse 
fuel as the raw material. In the United States, however, the use of 
gas fuel in internal combustion engines has never made great head- 
way and it is unlikely that the advent of low temperature carboniza- 
tion will materially change the situation in America, except possibly 
for small local power supplies which are remote from markets for the 
gas. Notwithstanding the successful development of the gas tur- 
bine, any extensive expansion of low temperature carbonization, as 
applied to power generation, is more likely to develop along the lines 
of preparing a boiler fuel for use in the generation of steam to supply 
high efficiency, high capacity turbines. : 

A number of different low temperature processes have been tried 
experimentally in the preparation of boiler fuel. Among these the 
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McEwen-Runge process for pulverized coal, installed at the Lakeside 
station in Milwaukee, and the Piron-Caracristi lead bath process, for- 
merly installed at the River Rouge, Michigan, and at the Walkerville, 
Ontario, plants of the Ford Motor Co., have already been described 
fully in Chapter VI and need not be further discussed here. A short 
description of some of the other installations, not heretofore de- 
scribed, are pertinent at this point, however. 

The Pintsch process (391) involves the use of a short vertical retort, 
located immediately above the front end of the chain-grate stoker of — 
a boiler furnace. The raw coal, being fed to the boiler, is thus car- 
bonized by internal heating with a portion of the hot products of 
combustion withdrawn from the furnace. The semi-coke is delivered 
from the bottom of the retort directly upon the chain-grate stoker 
and fed hot to the combustion chamber. The gases, after removal of 
the volatile products, are returned to the boiler and burned. Ap- 
proximately 35,000 cubic feet to 45,000 cubic feet of the combustion 
gas at 1200°F. is withdrawn from the furnace for carbonization pur- 
poses and subsequently leaves the retort at about 250°F. This 
process is used in Germany for non-coking and brown coals. The 
first installation was at the Municipal] Electricity Station of Lichten- 
berg, near Berlin, in 1919, but more than twelve plants are said to 
have been installed in Germany and Sweden since that date. 

Practically all of the processes invented by Merz and McLellan 
(392) involve the use of internal carbonization by superheated steam. 
The various systems also employ a vertical retort, but their chief 
novelty lies in the scheme for steam extraction and return of heat to 
heat-exchangers. These processes have been used experimentally 
at the Dunstan station, Newcastle-on-Tyne, England. Steam is 
bled from the turbine at a pressure of about one pound per square 
inch, and is superheated to about 950°F. in a separate superheater. 
This superheated steam is then admitted to the bottom of the retort 
and, as it rises, it distills the descending charge. The mixture of 
steam and volatile products then passes to a heat-exchanger, wherein 
the heat is extracted and returned as low pressure steam to the lower 
stages of the turbine. 

The Wisner (393) process, otherwise known as the Carbocite 
process, is a two-stage method carried out in rotary retorts. It has 
been under experimental investigation for the preparation of boiler 
fuel at the Philo, Ohio, station. The coal is treated in the first or 
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upper retort by partial oxidation to destroy its agglutinating proper- 
ties. Thereafter, the coal descends at a temperature of about 600°F. 
to the second stage, consisting of two parallel retorts, located immed- 
iately below. The carbonizing cylinders are heated externally. 

The Hanl process (391), used at the Bismark mine in Upper Silesia, 
Germany, consists of a vertical cast-iron retort, which contains an 
agitator provided for the purpose of stirring the charge vigorously 
during its descent. The retort is heated internally by the introduc- 
tion of a regulated amount of air to effect partial gasification. The 
heating medium, generated by a small amount of partial gasification, 
is augmented by the withdrawal of a portion of the combusted gas 
from the furnace. The hot semi-coke discharges directly upon a 
mechanical stoker. 

The Salerni process (894), otherwise known as the Salermo process, 
has been established experimentally at the Langerbrugge station at 
Ghent, Belgium. This is an externally heated process provided with 
a number of long narrow semi-cylindrical cast-iron troughs, each 
fitted with a paddle agitator. The crushed charge flows along pro- 
gressively from one trough to another during carbonization. 

In recent years, central electric stations have shown a tendency to 
adopt pulverized fuel, in which certain advantages have been seen. 
If the present trend continues, consideration must be given to the 
production of semi-coke suitable for firing as a pulverized fuel. 
There are three possible cases; pulverization of the fuel after low 
temperature carbonization, pulverization between primary and 
secondary carbonization, and pulverization before carbonization. 
Practically all processes can more or less lay claim to the first method. 

Soule (385) has suggested that between two powdered materials 
as a pulverized fuel at the same cost per thermal unit, the cost of 
generating steam will be the least in that (1) which burns faster, (2) 
which liberates more of its heat in an available form, and (3) which 
is adapted the more readily to automatic control. The faster a fuel 
burns, the smaller the furnace volume required to combust a given 
amount of fuel and also the higher the furnace temperature and the 
greater is the steam generating capacity for a given area of heating 
surface. The heat losses in the combustion of bituminous coal are 
distributed among several items, of which about 4.2 per cent is in 
the latent heat of water vapor, formed from the combustion of hydro- 
gen in the raw coal; 4.0 per cent is lost as sensible heat in the flue gas; 
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one per cent as radiation; 0.5 per cent as unburned combustible in 
the ash; and 0.3 per cent is lost in the evaporation of free moisture in 
the coal. The first and last of these offer the greatest promise of 
reduction. Hence, the less hydrogen and free moisture present in 
the fuel, the more efficiently it can be combusted. Concerning the 
third point, it is quite obvious that the fuel which involves the lowest 
firing cost is the one which can be fed to the furnace with the least 
difficulty under automatic control. 

As compared with- pulverized coal, powdered semi-coke has no 
tendency to fuse and agglomerate upon admittance to the furnace, 
which together with its greater reactivity makes it considerably more 
combustible. In the second place, removal of practically all the 
moisture and nearly all the hydrogen during carbonization increases 
the fuel efficiency of semi-coke 4 per cent to 5 per cent, as compared 
with the raw coal. Finally, as compared with pulverized coal, the 
flowing qualities of powdered semi-coke are said to be vastly superior, 
thereby resulting in greater ease of transport and permitting more 
success in automatic control. On the other hand, semi-coke will 
have a greater ash content than the coal from which it was made, 
and its calorific value per pound may be more or less than the raw 
coal, depending upon the type of fuel originally carbonized. Taking 
all these matters into consideration, but without regard to other 
advantages, such as smokelessness, high combustion rate, etc., 
Soule (885) concluded that as a pulverized boiler fuel, semi-coke was 
worth on the whole, pound for pound, as much as the pulverized coal 
from which it was made, a conclusion reached independently from 
similar considerations by the present author, under the discussion of 
power char in Chapter IV. 

‘Some actual tests of a pulverized fuel boiler of the Woodeson type, 
using semi-coke from the Nielsen process, have been reported (395). 
The particular boiler had 5,200 square feet of heating surface and 
2,400 square feet of economizer surface. It was rated at a capacity 
of 40,000 pounds to 50,000 pounds of steam evaporated per hour at a 
pressure of 250 pounds per square inch. The test was highly suc- 
cessful. The calorific value of the fuel was 10,670 B.t.u. per pound 
and the combusted gas contained 16.5 per cent carbon dioxide with 
a flue temperature of 390°F. The feed-water temperature was 112°F. 
and the average steam pressure 218 pounds per square inch, super- 
heated to 537°F. The equivalent evaporation was 69,300 pounds of 
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steam per hour from and at 212°F., which amounted to an evapora- 
tion of 9.2 pounds of steam from and at 212°F. per pound of semi- 
coke. Each gross ton of the raw coal yielded, aside from the produc- 
tion of 72.5 per cent of its weight as semi-coke, 23.5 gallons of crude 
oil, of which 25 per cent was a good lubricant, and 7,000 cubic feet 
of gas with a thermal value of 485 B.t.u. per cubic feet. 

The direct burning of fuel in the generation of electric power with 
modern large turbo-generators, efficient boilers, and improved 
methods of firing, requires the minimum capital expenditure, and 
consumes less fuel in the production of a kilowatt-hour of electricity 
than does any other method. It does not follow, however, since that 
procedure does not recover the by-products of the fuel, that it is the 
cheapest means of electrical generation. The degree, to which this 
is so, is contingent upon the cost, capital and operating, of extracting 
the by-products and upon the condition of the markets for their 
disposition. As far as conservation of national resources is con- 
cerned, while, indeed, the burning of raw coal constitutes a waste of 

_by-products, the extraction of by-products involves the consumption 
of more coal. From that standpoint, it is merely a question of which 
is the more important nationally, conservation of by-products or 
conservation of coal. 

All by-product recovery schemes in central electric stations, as 
compared with direct coal firing, require a larger outlay of capital, 
increased cost of operation, and a larger fuel consumption, to provide 
for a given power demand and to generate a given quantity of elec- 
tricity. An essential factor in the financial stability of a by-product 
recovery scheme, in conjunction with a power plant, is a sustained 
market for the by-products, fluctuations in the market value of which 
would be reflected in the cost of power generation. Thus, not only 
would the cost of a unit of electricity depend upon the cost of coal, 
but also upon the selling price of the tar, gas, light oil, and ammonium 
sulphate, if it be recovered. From the standpoint of power plant 
operation, there are many drawbacks to incorporation of a carboniz- 
ing plant, such as the increased transportation charges through han- 
dling a greater amount of coal, larger employment of labor, and a 
generally greater complexity in plant operation and codrdination. 
If the production of a boiler fuel be coupled with the manufacture 
and sale of a certain amount of the coke as a domestic fuel, then the 
financial aspects of carbonization, as an adjunct to central stations, 
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changes completely, for a portion of the solid fuel is thereby treated 
as a by-product. It is anticipated, however, that central power 
stations would be loathe to complicate their business by expansion 
into the domestic fuel processing field. 

Porter (260) feels that an integration of coal carbonization and 
power generation does not offer great promise of financial success, at — 
the present time, because he believes that the over-all efficiency from 
raw coal to steam by direct burning is too great in modern furnaces 
with modern combustion equipment to be counter-balanced by the 
recovery and sale of by-products, through introduction of a less 
thermally efficient system from coal to steam. From this argument, 
he concludes that the possibilities of such an integration rest solely 
on increased efficiency of the carbonization process, or on the develop- 
ment of some system, such as low temperature carbonization, wherein 
the by-products are of a character which will yield sufficient returns 
to reduce the net cost of available heat in the solid fuel. 

Wellington and Cooper (89) studied the economics of low tempera- 
ture carbonization, as applied to English central electric stations, in 
a number of different forms, including direct firing of the semi-coke, 
complete gasification of the residual fuel, and various other combina- 
tions. They concluded that the method of complete gasification 
cannot receive serious consideration, as compared with direct coal 
firing of the boilers, but that the best solution of low temperature 
carbonization applied to a boiler plant is that in which the semi-coke 
is directly fired to the furnace, along with the surplus gas. In this 
case, they concluded that the cost of generating a kilowatt-hour of 
electricity was below that of direct coal firing, but they pointed out 
that there were certain fluctuations in the market value of the resid- 
uals, which would be reflected as a fluctuation in the cost of generat- 
ing power. It is obviously non-essential that the gas be combusted 
in the boiler, if it can be profitably disposed of otherwise. 

As a matter of record, in connection with the economics of the 
preparation of boiler fuel by low temperature carbonization, Savage 
(396) has called attention to a case in the Western United States 
where 65,000 net tons of raw coal, costing $3.05 per net ton delivered, 
are annually burned as fuel for a large power station. The peculiar 
market conditions in the vicinity of that plant were such, that it 
was estimated that the entire fuel requirements of the station could 
be met by carbonizing 93,000 net tons of coal annually, at a net 
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revenue of $1.47 per net ton of raw coal, over and above the cost of 
the fuel, when the carbonized fuel was charged to the boilers at a 
price equivalent to the raw coal, weight for weight. 

Soule (385) has studied the economics of pulverized coal carboniza- 
tion in power plants. According to this authority, the investment in 
such a carbonization plant is less than $1,000 per net ton of raw coal 
daily throughput, including cost of the by-product plant. He 
figured the fixed charges, at 80 per cent capacity factor, to be $0.50 
per ton and the operating expense to be $0.70 per ton, giving a total 
carbonizing cost of $1.20 per net ton of coal. With the sale of tar 
at $0.055 per gallon, motor fuel at $0.15 per gallon, and gas at $0.30 per 
thousand cubic feet, he calculated the revenue from by-products at 
$3.60 per net ton of coal, which cost $4.50 delivered. On a yield of 
73.8 per cent semi-coke, this places the net cost of one net ton of power 
char at $2.85, as compared with $4.50 per net ton of raw coal. 

Orrok (388) (397), quoting Junkersfeld (398), has demonstrated 
rather convincingly how rapidly a new turbine, or central electric 
station, is superseded by more efficient equipment, which, in its 
turn, assumes the burden of carrying the base load of a particular 
electric supply system and he concluded, with Klingenberg (399), 
that the economical 100 per cent capacity operation of a coal proc- 
essing plant is difficult to reconcile with the variable output and 
50 per cent, or lower, capacity operation of a central electric station. 
The validity of such an argument, however, loses force when it is 
recognized as non-essential that the sensible heat of the coke be 
utilized. In reality, the heat lost on this item amounts to compara- 
tively little and a large part of this can be recovered by rational 
cooling or dry quenching. Consequently, there is no good reason 
why the carbonization plant cannot be operated at full load, storing 
processed fuel for use on the peak demands of the system. And in 
five years, when obsolescence shall have reduced the station load 
factor from 50 per cent to 35 per cent, the carbonization plant will 
yet be operating at 70 per cent capacity factor. 

Plant Location. It is customary for a carbonization plant, lo- 
cated near the market, to carry from one to two months’ coal supply 
in storage, thus assuring the plant against any coal stoppages of short 
duration, either because of mine shut down or because of transporta- 
tion curtailments. Furthermore, the location of coke plants at 
large transportation centers permits them to draw upon a number of 
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different sources for their fuel supply or to route their raw material 
by a number of different transportation lines. For this reason, a 
carbonization plant located near the point of consumption is more 
independent of conditions beyond its control than one located at the 
mines and dependent upon a single source for its raw fuel and a single 
carrier for its transportation facilities. Location of the carboniza- 
tion plant adjacent to the mine has the distinct advantage of per- 
mitting the use of low grade fuels, which cannot be economically 
transported very great distances, because of their large proportion 
of incombustible material. -Mine-mouth carbonization plants, 
however, suffer the disadvantage of necessitating transportation of 
the distillation products, of which the .gas becomes particularly 
burdensome, unless high pressure transmission can be effected or 
unless there is a nearby market. 

Lander (400) is convinced that the proper location for low tempera- 
ture carbonization is at the mine pit, as far as the use of waste and 
other low grade fuels is concerned, and he is equally convinced that, 
for other materials, the gasworks is the proper place for primary 
carbonization, for there, only, can the full value be secured for the 
gas. The value of the gas at the gasworks is roughly five times that 
of the gas for heating purposes at the mine mouth. Lander (400) 
has also pointed out that it makes little difference where the coke is 
made, for the freight rate over a given distance is approximately the 
same for the coke produced from a ton of coal as it is for the ton of 
raw coal itself. While the weight of coke that must be transported 
is roughly 70 per cent of the weight of coal, the volume of the coke 
produced is approximately the same as that of the raw coal. 

Christie (401) has noted, that, while in general the low temperature 
carbonization plant is best located near the market for its products, 
there are exceptions to this rule. The impending exhaustion of 
natural gas from districts where coal deposits exist make low tem-. 
perature carbonization a possibility in such cases, for then the exist- 
ing natural gas pipelines can be used for its transportation. 

In addition to the question of proper location of the carbonization 
plant, consideration must be given to the best location for the tar 
refinery, if the two industries are to be integrated under one organi- 
zation. While, in the past, there may have been some justification 
for shipping tar from the producer to a distant point for distillation, 
because of insufficient quantities to warrant an individual refinery, 
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this is no longer the case when tar is produced in large quantities. 
Soule (385) says that, by distilling the tar at the point of production, 
from $0.02 to $0.03 per gallon can be saved in freight and only the 
high value oil need be shipped. The still coke can then be mixed 
with the coal and coked to a solid fuel. 

Examination of the freight tariffs on bituminous coal for approxi- 
mately a hundred different sets of origins and destinations shows a 
great diversity (402) (403). While there is much variation from the 
mean, the average rate increases from about $1.80 per net ton, for a 
100-mile haul, to about $3.80 per net ton, for a 500-mile haul. Indi- 
vidual tariffs may vary above or below these figures by as much as 
25 per cent. 

The freight rates on solid fuels depend quite as much on their 
volume as upon their weight, so that the specific weights of the 
different materials give some idea of the relative costs of transporta- 
tion. The freight tariff, for a given distance and a given weight, 
varies approximately inversely as the weight of the material per 
cubic feet. The specific weight of anthracite varies from 53 pounds 
per cubic feet to 60 pounds per cubic feet, with an average of about 
55 pounds per cubic feet, depending upon its source and size. The 
specific weight of bituminous coal varies from 43 pounds per cubic 
feet to 67 pounds per cubic feet, with an average of 49 pounds per 
cubie feet. The specific weight of by-product coke varies from 32 
pounds per cubic feet to 29 pounds per cubic feet, with an average of 
30 pounds per cubic feet. 

Although the coke weighs epproxitately 70 per cent less than the 
coal from which is was made, weight for weight, it is bulkier. Conse- 
quently, the coke produced from a ton of coal occupies approxi- 
mately the same volume as the original coal. This means that 
approximately as many freight cars are required to haul the coke as 
to transport the raw coal. For this reason, added to the greater 
value of the coke per ton, freight rates on coke are distinctly higher 
than on coal. Mc Bride (369) states that formerly freight rates were 
based on beehive coke, which was manufactured near the mines and 
had to be transported to the markets, but with the present tendency 
to locate by-product ovens at the point of consumption, together 
with the impending competition of coke with anthracite as a domestic 
fuel, there are indications of freight readjustments, but, for the 
present, the freight tariff on coke is very complicated. There is 
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also a complicated relationship between coke tariffs and those on 
bituminous coal. If the rate on coke is relatively the higher, the 
situation favors location of the plant at the point of consumption 
and, if it is relatively low, the tendency is to locate near the mines. 
Finally, the establishment of railroad tariffs is in the hands of a public 
authority, which may have many consequences to consider in rate 
fixation. 

The freight rate on coke varies from about $2.50 per net ton, for a 
distance of 100 miles, to about $4.50 per net ton, for a 400-mile haul. 
Chatfield (404) reported the tariff, established by the Interstate 
Commerce Commission on fuel oil and gas oil in tank cars, as in- 
creasing from about $0.19 per 100 pounds, for a 200-mile haul, to 
about $0.36 per 100 pounds, for a 700-mile haul. The tariff for 
gasoline was fixed at about 25 per cent higher than the rate for fuel 
oil and gas oil. Individual tariffs may vary from these figures by 
as much as 15 per cent. Coke oven tar takes essentially the same 
freight rate as fuel oil. The tariff on ammonium sulphate increases 
from about $0.20 per 100 pounds, for a distance of 100 miles, to 
about $0.30 per 100 pounds, for a distance of 400 miles. 

According to Wagner (405), natural gas gasoline has been success- 
fully transmitted through a 3-inch pipe for a distance of approxi- 
mately 15 miles at the rate of 50,000 gallons per day. In this case, 
however, the terrain was almost flat with a gentle down-grade slope, 
so that this success sets no precedence for transmission over an irregu- 
lar topography, where gas accumulation at the apex of high points in 
the pipeline may be a serious difficulty. 

If low temperature tar could be transported by pipeline and if the 
quantities were sufficient to warrant laying the pipe, quite a saving 
could be effected over the cost of its transportation by rail in tank 
cars. While the viscosity of most low temperature tars is high, 
there is no reason why they could not be treated in much the same 
way as the heavy crude petroleums of the Western United States 
are handled, that is, by warming the fluid between pumping stations 
to increase its fluidity and by the use of rifled pipe. 

The main petroleum trunk lines of the United States are 8-inch 
pipe, but a few 6-inch and 10-inch pipes are in existence. Diesel 
engines are usually employed to drive the pressure pumps, which are 
used for forcing the oil through the pipes. These pumping stations 
are located at intervals of from 10 miles to 35 miles, depending upon 
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the topography of the country, the viscosity of the oil, and the pre- 
vailing temperatures in the region. When a very viscous oil is trans- 
ported, it is often necessary to heat it at the pumping stations to 
increase its fluidity. Up to 1920, the longest petroleum pipeline was 
1,610 miles. According to Rathburn (406) (407), roughly 95 per 
cent of the crude petroleum in the United States is moved by pipe- 
line at a cost estimated to be approximately 65 per cent of the cost 
of transportation by rail. 

The feasibility of transmitting large quantities of gas by pipeline 
to the consumption centers depends primarily upon the utilization of 
this gas for the base load, the peaks of the distribution system being 
taken by gas which is generated locally. Experience with the trans- 
mission of natural gas and coke oven gas by pipeline indicates that 
the technical aspects of handling low temperature gas in this manner 
are not serious and that the problem is wholly one of economics. 

There are two pipelines over 300 miles long for the transmission 
of natural gas from West Virginia to Ohio. These lines are composed 
of 20-inch and 16-inch welded steel pipe. A similar line 450 miles © 
long, operating at 450 pounds per square inch initial pressure, main- 
tained at intervals by seven compressor stations, driven by gas en- 
gines supplied with fuel from the line, has been contemplated. In 
the Ruhr district of Germany, coke oven gas is transmitted 63 miles 
by pipeline and consideration has been given to the high pressure 
distribution of coke oven gas from this district over a maximum dis- 
tance of 450 miles. In the United States coke oven gas is transmitted 
by pipeline from South Bethlehem, Pa., to the Philadelphia district 
and similar projects, involving transmission of coke oven gas over 
distances up to 40 miles, have been under consideration. 

A low temperature plant, treating 1000 tons of coal per day and 
selling all the high calorific value low temperature gas, using pro- 
ducer gas for heating the retorts, would generate about 200,000 cubic 
feet of gas per hour by the externally heated method. According to 
a study made by Crowell (408), a 12-inch pipeline, operating at an 
initial pressure of 90 pounds per square inch, would deliver this gas 
at a terminal pressure of 20 pounds per square inch at a distance of 
100 miles. He figures the total cost of delivery, including all carry- 
ing and operating charges at $0.28 per 1000 cubic feet_of gas, when 
gas engine compressors are used. The present author, however, 
believes that, by raising the initial pressure to 400 pounds per square 
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inch and using a correspondingly smaller welded pipe, the cost of 
delivering the gas 100 miles could be reduced to $0.12 per 1000 
cubic feet, or less. In any event, these figures illustrate how essential 
it is to transmit the gas at as high a pressure and for as short a dis- 
tance as is feasible to reach the market. 

Fuel Resources. Redmayne (409) has estimated the coal reserves 
of the world in 1924 at approximately 8,300,000,000,000 net tons, of 
which the United States had about half. A tabulation of the re- 
serves by countries is given in Table 129. The reserve given by 


TABLE 129 
World’s coal reserve in 1924 


MILLIONS OF NET TONS 


COUNTRY 


Anthracite | Bituminous Pieces Total 

WimIte OES tates .c sa wsihadmaeeste ale 21,600 | 2,154,000 | 2,050,000 | 4,225,600 
COPA Ye bese Sew cue meee at eA? 2,400 312,000 | 1,048,000 | 1,357,400 
OHI Ar aimee ae rea ce Manan ees 426,000 668,000 700 | 1,094,700 
Germany ier scence tn 452,000 14,700 466,700 
Greny Britain iy oii sietien 2 eles 12,500 196,000 208,500 
uXcons tree LB ie ciel Satta cuteness co von al cee 700 145,700 36,000 182,400 
STNG, ae cess una nar roma enacen dares 84,000 2,900 86,900 
UUUSSIE Seca s)s ins ee teeth cie 40,300 23,000 1,800 65,100 
PATE CA SRR ca ene Ginn mete ae aE 12,800 49,600 1,200 63,600 
SouthvAmenrica, wie omen 800 34,500 35,300 
HIFANCE RN kee A oe eee 3,600. 14,000 1,800 19,400 
Other countries............0.... 24,600 164,500 146,000 335,100 

ERO ESD Ue LM ciety sic at kee alas inl aeh cantare 545,300 | 4,297,300 | 3,298,100 | 8,140,700 


Redmayne for the United States is somewhat larger than the 
3,419,300,000,000 tons reported by Cambell (410), as of the end of 
1925, but in this latter estimate the resources of Alaska and certain 
deep deposits are apparently not included. Only about two-thirds 
of this is recoverable, however, for the mining losses amount to 
about 35 per cent, by the present methods of mining. 

The sub-bituminous coals and lignites of the Western United 
States constitute about half of this country’s supply and a large pro- 
portion of these reserves are of low heating value and contain a large 
amount of moisture. As the Eastern fuel reserves become exhausted 
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and the cost of power for manufacturing becomes correspondingly 
greater, the migration of the center of industry westward will draw 
upon the fuel reserves nearest the market and there will arise a need 
for processing these low grade fuels, to appreciate their market value 
and to increase the efficiency of their utilization. Even now, if the 
Dakota lignites could be treated by low temperature carbonization, 
or otherwise, to raise their form value sufficiently to meet the local 
fuel needs, an enormous expenditure for freight on hauling bitumi- 
nous coal from the Hastern fields would be saved annually. 


TABLE 130 
World’s coal production 


THOUSANDS OF NET TONS 
COUNTRY 


1922 1923 1924 1925 1926 

United States..:....... 476,000} 655,000; 570,000} 580,000] 656,000 
GEMMA Sc sa ees cece 306,000}. 209,000) 282,000) 302,000} 328,000 
Great Brita: .: 0.62. % 279,000} 308,000} 298,000} 272,000} 141,000 
HATO Sin ictrcicietoterssnctannies 35,100 42,400 49 ,500 52,800} 57,600 
eens 32,100| 33,800} 35,200] — 36,800| 37,000 
Czechoslovakia. :....... 31,700 31,400 39,200 34,700} 36,600 
BELA ye shi sicle cosine tte 23,300 25,200 25,600 25,400} 27,500 
JB GUS LEE aOR uaa ne ae aee 21,300 21,900 23,600 23,400) 22,400 
CORN GV Ls bate Siakerte epee aie 15,100 17,000 13,600 18,100} 18,600 
PANISUTANIG Marceau od 5 xr 13,800 14,100 15,500 16,200} 15,900 
PALEEO Her icarertes cvs: sun sioa 9,700 13,300 14,100 14,700} 15,700 
Other countries......... 103,900 122,900} 123,700} 188,900) 148,700 

ARGS 1 Ie at an aaa 1,347,000} 1,494,000} 1,490,000) 1,510,000|1,500,000 


Statistics gathered by the United States Bureau of Mines and 
shown in Table 130 give the world’s production of coal by countries 
for various years. The United States is by far the largest producer, 
having supplied from 38 per cent to 46 per cent of the entire world’s 
supply for the fifteen years preceding 1926. Next in order of im- 
portance comes Germany, Great Britain, and France. The figures 
given in Table 130 include anthracite, semi-anthracite, bituminous, 
semi-bituminous, lignite, and brown coals. About half of the Ger- 
man production and about 13 per cent of the entire world output 
consists of sub-bituminous coals. 
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White (411) estimated the proved world’s petroleum resources, as 
of 1928, at 43,100,000,000 barrels, which are recoverable by present 
methods. This estimate was increased to 60,000,000,000 barrels as 
the world’s total resources, proved and prospective. Outside of the 
United States, the most important petroleum deposits are believed 
to be in Mexico, Venezuela, Columbia, Bolivia, Argentine, Russia, 
Mesopotamia, Persia, Assyria, Arabia, East Indies, China, Siberia. 
Japan, India, and probably Northern Africa. 

A careful examination of the oil resources of the United States, 
both developed and prospective, was made in 1922 by a joint 
committee of the United States Geological Survey and the American 
Association of Petroleum Geologists, in collaboration with many 
consulting specialists who were familiar with the stratigraphy and 
geologic structure of given localities. According to White (411), 
they concluded that the oil reserve of the United States at that time 
was 9,150,000,000 barrels, recoverable by present methods, about 
half of which belongs to the heavy grade of fuel oil petroleum. As 
approximately 5,500,000,000 barrels had been produced in the United 
States at the end of 1922, the original oil reserve must have been 
about 15,000,000,000 barrels, of which 7,750,000,000 barrels, or 
roughly half, had been removed from the ground at the end of 1926. 
The reserve thus left is less than 15 years supply for the United States 
at the present rate of consumption and by present means of recovery. 
However, all the oil deposits cannot be located in that period of time, 
so that in all probability the wells will keep producing a constantly 
decreasing amount of petroleum for perhaps 75 years to come. 

The world’s production of crude petroleum by countries, according 
to statistics by the United States Bureau of Mines (382), is given in 
Table 131. It will be observed that the United States is by far the 
world’s largest producer, accounting for 65 per cent of the entire 
amount in 1922 and 71 per cent in 1926, and, even then, it was 
necessary to import large quantities of petroleum to meet the national 
requirements. 

Oil shales are found in Scotland, England, Wales, Ireland, Canada, 
Australia, New Zealand, Africa, France, Jugoslavia, Sweden, Bul- 
garia, Germany, Italy, Switzerland, Esthonia, Brazil, Argentine, 
Chile, Uraguay, China, Arabia, Syria, and Russia. Vast deposits 
of oil shale are found in the United States, notably in Colorado, 
Nevada, Utah, Wyoming, Montana, Illinois, Missouri, Indiana, 
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New York, Kentucky, Ohio, Pennsylvania, Tennessee, California, 
and West Virginia. There has been practically no increase in the 
world’s production of oil shale from 3,435,000 net tons in 1920 to 
3,540,000 net tons in 1924 and about 93 per cent of the entire output 
came from Scotland alone. The only country which has shown any 
appreciable growth is Esthonia, which increased from 1.5 per cent 
of the world’s production in 1920 to 7.4 per cent in 1924. Even 
though the present development of oil shale distillation throughout 


TABLE 181 
World’s production of crude petroleum 


THOUSANDS OF BARRELS (1 BBL. = 42 GAL.) 
COUNTRY 


1922 1923 1924 1925 1926 

United States....... 558,000 732,000 714,000 764,000 773,000 
IEXAGOMBED crores 182,000 150,000 140,000 116,000 90,000 
1 RUUISTST ED psi i tena RON 35,500 39,000 45,500 52,500 61,000 
Venezuela............ 2,000 4,000 9,000 19,500 37,000 
PEtBIa ices, SN. s 22,000 28,500 32,500 35,000 35,500 
Rumania............ 10,000 11,000 13,500 16,500 23,000 
Dutch East Indies...} 17,000 20,000 20,500 21,500 22,000 
Paulista ners cece 5,500 5,500 8,000 9,000 10,500 
Niko alert scsnystae cee 8,500 8,500 8,500 8,000 8,500 
Argentine........... 3,000 3,500 4,500 5,500 6,500 
Columbiave cc -00 500 500 500 600 6,500 
Poland ie ee ects 5,000 5,500 5,500 6,000 5,500 
brat nyice Fo [ae so eeieeieac a ei 2,500 3,000 4,000 4,500 5,000 
Other countries..... 7,500 8,000 8,000 9,400 12,000 

Motalee re. centnertss 859,000 | 1,019,000 | 1,014,000 | 1,068,000 | 1,096,000 


the world appears to be practically at a standstill, the vastness of 
the world deposits remains as a potential source of motor fuel and 
of lubricants. 

Conclusion. As the products of carbonization pass from crude to 
more highly refined and specialized materials, they pass from indus- 
try to industry, each step adding an increment to their economic 
worth. Unfortunately, the demand for the highly refined products is, 
at present, limited and, consequently, much of the by-product ma- 
terial is used to an inferior economic advantage. Thus, McBride 
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(369) notes that about half of the total tar produced in the United 
States, at the present time, is burned as a fuel, instead of being sepa- 
rated into its more valuable constituents. The industrial absorption 
of all the possible tar derivatives will require many years of study to 
ascertain their full possibilities, but the time will doubtlessly arrive 
when no coal will be burned in its raw condition. Such an enlight- 
ened epoch may yet remain distantly in the future, but reasonable 
advances may be expected year by year. However, the practical 
attainment of this larger vision must rely upon the joint efforts of 
the various branches of the carbonization industry, of which primary 
distillation is one, and must rest for its realization upon such sound 
technical, economic, and business principles, as the present author 
has endeavored to outline. 

In regard to the national problem of coal carbonization, be it either 
by high or low temperature methods, Porter (260) concludes that it 
should and will be carbonized only to the extent that the economic 
demand, for the special products thus derived, creates a price which 
will justify their extraction. Furthermore, there is neither economy 
nor conservation in the transformation of energy from the form of 
coal to those of coke, tar, and gas, if in those forms it is generally less 
useful, as indicated by the market values of these products relative - 
to the raw coal. 

There is a certain rivalry between high temperature and low tem- 
perature carbonization systems, inasmuch as the former is based upon 
years of experimentation and practice and has behind it a wealth of 
data and experience. The high temperature carbonization advocates 
are apt to judge low temperature carbonization in the light of this 
specialized experience, with its criteria and dogmata and without a 
true appreciation of the methods underlying the art, its raison d’étre, 
or the characteristics of its products. Each system fills a distinct 
field with regard to its adaptability in treating different fuels and 
somewhat in regard to the markets for its principal products. Runge 
(412) points out that there is really no grounds for fear of serious 
competition between high temperature and low temperature car- 
bonization, because the solid residuums do not fall in the same sphere 
of usefulness, due to their difference in physical and chemical prop- 
erties; the tars are entirely distinct in composition and should find 
different markets; the low temperature gas should be supplemental 
to, rather than competitive with, high temperature gas; and, finally, 
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the only really common field for the two is found in the use of light 
oil as a motor fuel. 

According to the same authority, low temperature carbonization 
has suffered because of adverse criticism, arising from three sources: 
failure of a number of full-scale processes, exploitation of untried 
processes that have been based upon ridiculous assertions, and the 
unfortunately prolific writing of those not familiar with the art. 
This unfavorable atmosphere, while discouraging, has not prevented 
progress by those who recognize its possibilities. 

Coming now to a conclusion of this presentation of the technology 
of low temperature carbonization, the author has endeavored to fulfil 
the task which he undertook at the outset, namely to coérdinate the 
experimental researches of many workers and the expert opinion of 
many authorities, in such a way, as to establish the art upon firm 
technical foundations and thereby overcome the empiricism which 
heretofore has hindered its progress. An earnest effort has been 
made to present all phases of the subject in an unbiased manner, 
giving the pro et contra of all controversial subjects. Finally, in 
dénouement, the author can do no better than to quote Slosson (413) 
in the words with which he addressed the representatives of thirteen 
nations assembled in convention to discuss the world’s problems of 
fuel and of fuel processing: ‘“There is no world organization that can 
exercise the right of eminent domain over natural resources and 
compel a country to stop wasting its coal and oil, or to employ its 
unused land and water power. But all the same, and all the more, 
we should rejoice when anyone discovers how to make a profit out 
of a waste product or how to make a process more efficient. When a 
way is found to convert a low grade lignite into a high class motor 
fuel, . . . . or to clean the air of our industrial towns, or to raise 
the efficiency of a fuel by low temperature carbonization, he has 
thereby benefited the human race, living and to come. ... . iy 
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165, 184, 187, 194, 201, 202, 204; 
effect of time, 204; freight rate, 
360, 361, 362; gasworks, 130, 147, 
180, 347; high temperature, 37, 
129, 130, 180; ignition tempera- 
ture, 146, 147; low temperature, 
37, 38, 129, 130; pitch, 334, 337, 
350; porosity, 135, 136, 149; price, 
316, 346, 347; production, 346, 
347; reaction with hydrogen, 184; 
reactivity, 145, 146, 147; re- 
heating, 181, 182, 183, 184, 187, 
200; specific gravity, 135; specific 
weight, 361; strength, 141, 150, 
151; sulphur, 194, 198, 199, 200, 
201, 202, 204, 330; swelling, 137; 
texture, 137; water gas fuel, 332. 

Coke oven, by-product: coal con- 
sumption, 346; gas, 59, 60, 316, 
332, 351, 363; nitrogen recovery, 
161, 352; plastic layer, 28; refrac- 
tories, 270; tar, 348, 362; tempera- 
tures, 31, 32. 

Coking: fuels, 5, 32, 148; power, 
destruction, 256; quality, 136, 
141. 

Colorado, shale, 55, 79, 104, 191, 233, 
234, 281. 

Columbia, petroleum, 367. 
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Combustion, chamber: refractory 
slagging, 272; gases, 148; in 
furnaces, 148; losses, 18, 356. 

Commercial processes, development, 
254. 

Competition: between systems, 368; 
bidding for tar, 335; determina- 
tion of profit, 324; products with 
other industries, 324; synthetic 
fixed nitrogen, 342, 343. 

Compounds, chemical, 15, 17, 18, 20, 
21, 87, 88, 89, 90, 91, 92, 93, 94, 95, 
97, 117, 192, 195, 196, 197. 

Condensing plant, cost, 320. 

Conduction heat transfer, 265, 266. 

Conservation and carbonization, 18, 
357. 

Construction: materials, 254, 264, 
272; retort and setting, 266, 272. 

Consumption: coal, 345, 346; coke, 
329, 347, 348; creosote oil, 349; 
gas oil, 350; nitrogen, 352; pitch 
coke, 350; road bitumen, 350. 

Contact surfaces, catalytic effect, 
178. 

Contract sales, 333, 335, 341, 343. 

Convection heat transfer, 256, 257, 
302, 305, 306, 307, 308. 

Conveyor, internal, 209, 220, 233, 246, 
257. 

Cost: by-product recovery, central 
station, 357, 358; capital, 319, 
320, 359; fixed nitrogen, 342, 343; 
operating, 319, 320, 321; pipeline 
transmission, 363, 364; proces- 
sing, 322; pulverized fuel, 355; 
tar distilling, 336. 

Counter-effect in by-product prices, 
326. 

Cracking, 64, 65, 66, 81, 108, 113, 114, 
115, 116, 117, 118, 119, 120, 122, 
123. 

Cresols, 90, 91, 92. 

Creosote, 334, 336, 337, 338, 349. 

Crushing strength: coke, 141, 150; 
refractories, 282, 283, 284. 

Czechoslovakia, coal, 365. 
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Dakota lignite, 365. 

Dalton coal, 110, 124, 126, 164, 217, 
225, 229, 231. 

Decomposition, ammonia, 166, 167, 
168, 169, 170, 171, 172, 174, 178, 
179, 185, 189; secondary, 64, 85. 

Denver plant, 233. 

Design, 254, 258, 259, 299. 

Desulphurization, 197. 

Diolefines, 20. 

Disinfectants, 337. 

Distillate, tar, 85, 117. 

Distillation: decomposition of tar, 
85; destructive, 2, 9; of oil 
shale, 349; period, 163; prolonged, 
57; rate, 80, 180; steam, 151, 152; 
temperature, 12; vacuum, 62, 63, 
82. 

Distribution: acids, 93; bases, 94, 95; 
nitrogen, 160, 161; phenols, 91; 
sulphur, 96, 191, 192, 195, 196. 

Domestic fuel, 155, 316, 328, 329, 330, 
331, 346, 347. 

Dutch East Indies, petroleum, 367. 

Durham coal, 87, 170, 171, 231. 

Dust, rotary retort, 258. 

Dyestuffs, 339, 340. 


Earth, diatomaceous, 280, 282. 

Economie: efficiency, retort, 261; 
justification, low temperature 
carbonization, 327; losses, fuel 
utilization, 13; worth, carboniza- 
tion products, 367. 

Economics, 314, 322; ammonium 
sulphate recovery, 340; central 
station by-product recovery, 358; 
primary tar refining, 336; pul- 
verized coal carbonization, 359. 

Economies, semi-coke boiler fuel, 158. 

Education, public, 329, 330. 

Eduction, primary tar, 73. 

Efficiency: nitrogen recovery, 160; 
power generation, 358; process, 
261, 316; semi-coke, 155, 156, 157, 
158, 357. 

Electricity, cost, 
covery, 357, 358. 


by-product re- 


Ellistown coal, 70, 226. 

Emulsions, tar, 96. 

Endothermic reactions, 19, 22. 

Equilibrium, physico-chemical, 71, 
72, 166. 

Ethylenes, 20. 

Evaporation, steam, with semi-coke, 
159, 356, 357. 

Exhaustion: natural gas, 351; petro- 
leum, 366. 

Expense, operating, 320, 321, 359. 

Exportation: ammonium sulphate, 
348, 344, 352; coke, 346. 

Explosive range, motor fuel, 126. 

External heating, 35, 209, 215, 220, 
223, 231, 233, 235, 252, 354, 355. 

Externally heated processes: cost, 
319, 320; gas, 35, 36, 51; heat 
balance, 315; operating expense 
and fixed charges, 321; revenue, 
317; yields, 36, 315. 


Fairmont plant, 214. 

Feed-pipes, trouble, 256. 

Fellner-Ziegler process, 16. 

Ferric oxide, 169. 

Fertilizer, 340, 341, 343, 344, 352. 

Fifeshire cannel, 123. 

Financial account, 
processes, 316. 

Firebrick, 65, 174, 178, 303, 304. 

Fireclay, 174, 266, 269, 274, 276, 277, 
278, 280, 281, 283, 304. 

Flash point, tar, 111. 

Flockton coal, 98. 

Foaming, coal, 136. 

Form value, 325, 326, 365. 

Fractionation: high temperature tar, 
75; lignite tar, 102; peat tar, 79, 
103, 104; petroleum, 104; primary 
tar, 75, 93, 97, 98, 99, 100, 101, 109, 
110, 124, 128, 334; shale oil, 104, 
105, 118; tar distillate, 85, 118. 

Fractions: tar, acids, 91, 92, 98, 103; 
bases, 95, 96, 98, 103; neutral oil, 
98; refinement, 99; saturated 
hydrocarbons, 108; specific grav- 
ity, 98, 102, 110, 124. 


carbonization 
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Freeman process, 220, 221, 222. 
Freeport coal, 23, 84, 92, 100, 101, 123, 
126, 152, 186, 196, 198, 200. 
French, coal, 87, 364, 365; shale oil, 

118. 

Fuel: age, 46, 63, 75, 180; boiler, 156, 
158, 329, 352; breeze, 329; 
briquets, 347, 348; coke, 329, 330; 
combustion, 148, 355, 356; do- 
mestic, 155, 316, 331; freight rate, 
361; form value, 325, 326; gas, 
price, 317; gas generator, 332; 
gas producer, 155; merchant, 331; 
motor, 119, 123, 349; pitch, 350; 
potential market, 345; pulver- 
ized, 156; resources, 364; smoke- 
less, 38, 129, 331; tar, 316, 334, 
335, 348; used in retorts, 207; 
utilization, 5, 13. 

Fuel Research Board, 15, 223; average 
yields, 75, 164; horizontal retorts, 
50, 51, 62, 75, 91, 109, 110, 111, 
124, 134, 164, 224, 225; tests, 217, 
222,— 223, 225, 229, 2381;- 232; 
vertical retorts, 98, 103, 104, 133, 
134, 227, 228, 229. 

Full-scale processes, 51, 109, 134, 318, 
319. 

Furnaces, combustion, 148. 

Furst-Hardenburg coal, 87. 

Fusing coal, 255, 256. 

Fusion process, 230, 231, 232, 256, 262. 


Gas: ammonia, 163, 165; by-product 
oven, 59, 60, 199, 200, 316, 317, 
332, 351, 363; coke, 130, 135, 147, 
180, 347; combustion, 148; com- 
position, 39, 40, 42, 43, 44, 45, 
46, 47, 48, 49, 50, 51, 52, 53, 
54, 55, 56, 57, 58, 59, 62, 63, 
64, 65, 66, 67, 68, 69, 70, 86, 119, 
120, 145, 146, 148, 154, 246; con- 
sumption, 351; decomposition, 
64, 65, 177, 178; effect of atmos- 
phere, 66, 67; effect of coal age, 
46, 63; effect of oxidation, 55, 75, 
146, 180; effect of plastic layer, 
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26, 261, 262, 263; effect of heating 
rate, 62; effect of steam, 67, 68, 
69, 70, 185; effect of temperature, 
39, 40, 42, 48, 44, 45, 46, 47, 48, 
49, 50, 52, 58, 54, 66, 67, 69, 119, 
120, 144, 145, 162; effect of 
vacuum, 49, 50, 62, 63; engine 
fuel, 353; evolution, 35, 36, 49, 
50, 61, 62; from externally and 
internally heated retorts, 35, 36, 
51; from lignite, 40, 51, 52, 53, 
54, 163; from oil cracking, 64, 65, 
86, 116, 118, 119, 120; from peat, 
40, 51, 52, 163; from shale, 53, 55; 
from wood, 40; future, 345, 346, 
350, 351; industry, history, 1, 2, 
8, 4; leakage, retort, 273; low 
temperature, 39; light oil, 116, 
123, 124, 125; natural, 351, 360; 
nitrogen, 162, 163, 185; pipeline 
transmission, 360, 363, 364; price, 
316, 317, 318, 332, 333, 350; 
producer, 6, 154, 155; radiation, 
309, 310, 311, 312, 313; removal, 
258; sale, 332, 333, 351; sensible 
heat, carbonization with, 237, 
240, 243, 249; yield, 42, 46, 47, 48, 
49, 51, 52, 53, 54, 55, 56, 57, 58, 
59, 61, 62, 63, 64, 65, 67, 68, 69, 
70, 119, 124, 125, 162, 315. 


Gasification: complete, 5, 160, 187, 


194, 240, 315, 319, 320, 358; 
processes, 315, 317, 319, 320, 321. 

Gasoline, 105, 118, 362. 

Gasworks: associated with low tem- 
perature carbonization, 353, 360; 
coal consumption, 346; nitrogen 
recovery, 161, 341, 352. 

Germany: brown coal, 53, 245, 246; 
coal, 237, 364, 365; fuel briquets, 
347, 348. ° 

Glover-West retorts, 34, 70, 226, 227. 

Grangemouth plant, 239. 

Great Britain, coal, 364, 365. 

Greene-Laucks process, 233, 234, 257. 

Growth, cast-iron, 285, 289, 290, 291, 
292, 293. 
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Hanl process, 355. 

Heat: balance, 24, 315; effect on tar, 
114; input, retort, 299, 300; 
liberated from fuel, 19, 22, 24, 25, 
26; losses, combustion, 356; sensi- 
ble, 237, 240, 243, 249, 354, 355, 
359; resistant alloys, 285, 291. 

Heat absorption, 60, 61, 302, 303, 304. 

Heat transfer: conduction, 265, 266; 
convection, 256, 257, 302, 305, 306, 
307, 308; effect of breeze, 34, 35; 
effect of lump size, 301; effect of 
thermal gradient, 30; in re- 
generators, 302; in retort flue, 
305; in retorts, 300, 301; princi- 
ples, 259; radiation, 308, 309, 310, 
311, 312, 313; velocity, 29, 265. 

Heating: externally, 35, 209, 215, 220, 
223, 231, 233, 235, 252; internally, 
35, 237, 240, 248, 246, 249, 354, 355; 
localized, 254, 299; prolonged, 
143; retort, 299, 301; time, effect 
on swelling, 138. 

Heatings, number, effect on cast-iron, 
290. 

Hessian brown coal, 53. 

Horizontal retorts, 50, 51, 62, 75, 109, 
110, 111, 124, 134, 164, 224, 225. 

Humous bodies, 9, 10, 192. 

Hydrocarbons: aromatic, 113, 114, 
117; hydrogenation, 81; in car- 
bonization products, 16, 20, 21; 
polymerization, 339; saturated, 
108; smoke-producing, 14; 
thermal decomposition, 9; un- 
saturated, 108, 111, 117. 

Hydrogen: atmosphere, 178, 182, 183, 
184, 187, 188, 189, 191, 200, 201, 
202, 203, 204; loss, combustion, 
356; purging, 198, 199, 200, 202, 
203; specific action, 184; sulphide, 
evolution, 199, 201, 202. 

Hydrogenation, 81, 120, 121, 122, 123, 
127. 


Illinois coal, 23, 24, 25, 40, 41, 48, 44, 
46, 62, 63, 64, 65, 66, 75, 78, 81, 82, 
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Internally heated processes: cost, | 


89, 99, 126, 180, 181, 144, 145, 153, 
154, 160, 192, 195. 
Importation: Chilean nitrate, 344, 
351; coke, 346; cresote oil, 349. 
Incandescent surfaces, 64, 65. 
Indenes, 20. 
India: coal, 364, 365; petroleum, 367. 
Indian plant, 243, 245. 
Indiana coal, 104, 118, 196. 
Industries, coal consumption, 345, 
346. 
Inorganic compounds, 21. 
Insecticides, 337. 
Internal conveyors, 209, 220, 223, 246. 
Internal heating, 35, 237, 240, 243, 
246, 249, 354, 355. 


319, 320; gas, 35, 36, 51; heat 
balance, 315; operating expense 
and fixed charges, 321; revenue, 
317; yields, 36, 51, 315. 

Iron, 167, 168, 170, 278, 288. 

Iron and steel works, 346. 

Isotherms, 31, 32. 


Japan, coal, 365. 
Joliet coking coal, 195, 200. 


Kaiser Wilhelm Institute, 15. 

Kaolin, 280, 281. 

Karnap plant, 235, 237. 

Kentucky coal, 195. 

Kerosene, 105. 

Kirby coal, 222, 223. 

Koppers oven, 31. 

Ketones, 21. 

K. 8. G. process, 235, 236, 237, 256, 
285, 318, 319. 


Labor, 321. 

Lancashire coal, 49, 50, 163, 250. 

Langley Brights coal, 225. 

Lead, molten, 246, 247, 256. 

Lidgett coal, 98. 

Light oil: from cracking, 115; from 
gas, 116, 123, 125; from shale, 105; 
market, 123, 332, 333, 348; plant, 
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cost, 320; production, 348; re- 
finement, 99; value, 318, 334; 
yield, 98, 125, 126, 315. 

Lignite, 8, 23, 25, 40, 51, 52, 53, 54, 
84, 97, 102, 133, 148, 163, 253, 325, 
364, 365. 

Lignitic residuum, 144, 146. 

Lime, 172. 

Liquor, ammoniacal, 96, 97, 341, 351. 

Load: factor, 359, 363; refractory, 
269, 283. 

Location: plant, 359, 360; tar re- 
finery, 360. 

Loire coal, 138. 

Lohberg coal, 85, 90. 

Low temperature carbonization: 
adaptability, 326; definition, 12; 
examination, coal, 39, 40, 41; 
factors affecting, 327, 369; jus- 
tification, 327, 352; products, 322, 
323, 324, 325; purpose, 5; reduc- 
tion to practice, 258; relation to 
high temperature carbonization, 
36, 332, 368; yields, 37, 314. 

Lump size, 301. 


McEwen-Runge process, 
241, 242, 243, 256, 354. 

McIntire process, 17, 18, 116, 209, 214, 
215, 216. 


156, 240, 


Maclaurin process, 50, 51, 134, 237, 
238, 239, 240, 271, 318, 319, 349. 

Magnesia, 303, 304. 

Magnesite, 272, 274, 276, 277, 278, 
280, 282, 283, 284. 

Maintenance and repairs, 321. 

Market: coke, 38, 153, 326, 327, 328, 
345, 347; creosote, 337, 338; fixed 
nitrogen, 340, 341, 342, 343; gas, 
332; light oil, 332, 333; pitch, 349, 
350; potential, 345; relation of 
carbonization systems, 322, 324, 
328; still coke, 334, 337; tar acids, 
337; unbalanced condition, 336. 

Marles coal, 150. 

Marshall-Easton process, 257. 
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Maryland: coal, 160; fireclay, 281. 

Mass: action, 71; throughput, 257, 
259. 

Merchandizing: policy, coke indus- 
try, 329, 330; semi-coke, 331. 

Merz and McLellan process, 354. 

Metallic: parts, 256; retorts, 264, 265, 
284, 299. 

Metallurgical coke, 148, 329, 330, 332. 

Metamorphosis, anthracite, 6. 

Mexican petroleum, 112, 113, 367. 

Mild steel retorts, 285. 

Milwaukee plant, 241, 242. 

Mines, coal, 346, 360. 

Minnesota peat, 23. 

Missouri, fireclay, 281. 

Mitchell coal, 70, 226, 229. 

Mockton coal, 22. 

Moisture: effect, 83, 84, 176, 177, 178, 
185; loss, combustion, 356. 

Motor fuel: benzol, 333, 348; cracked, 
115, 118, 119; explosive range, 126; 
from hydrogenation, 121, 122; 
from gas, 124; miscibility, 127; 
sources, 349. 

Moving parts, 256. 


Naphthalene: hydrocarbons, 18, 20; 
liquefaction, 122. 

Natural gas, 351, 360. 

Newcastle lignite, 52, 53, 54. 

Neutral oil, 98, 115, 117, 119, 120. 

Nevada shale, 79. 

Nielsen process, 89, 109, 110, 134, 135, 
243, 244, 245, 246, 318, 319, 339, 
356, 357. 

Nitrogen: atmosphere, 66, 174, 178, 
181, 182, 184, 188, 191, 200, 201, 
208; balance, 181, 182, 183; by- 
products, 21, 160, 162; coal, 160, 
162; coke, 130, 163, 165, 181, 182; 
consumption, 352; distribution, 
160, 161, 162; gas, 162, 163, 185; 
fertilizers, 340, 341; fixed, 340, 
342, 348, 352; importation, 344; 
products, 185; recovery, 160, 352; 
sources, 344, 352. 
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North Carolina coal, 43, 44, 45, 46, 
100, 101, 132, 163. 
Nottingham coal, 22. 


Ohio coal, 23, 24, 25, 118, 213. 

Oil: anthracene, 115; fuel, 105, 127, 
128, 349, 362; gas, 118, 120, 349, 
350, 362; heavy, 98, 99; kerosene, 
105; light, 98, 99, 105, 115, 116, 
123, 125, 126, 315, 318, 320, 332, 
333, 348; lubricating, 105, 338, 
339, 349; middle, 98; naphtha, 
105; shale, 54, 79, 100, 104, 105, 
112, 118, 349, 366, 367; transpor- 
tation, 362. 

Oklahoma coal, 81. 


Operation: cost, 319, 320, 321, 359;.. 


of retorts, 254; revenue, 316, 317, 
318, 319; time reduction, 56. 

Otto oven, 58. 

Oven, coke, 3, 29, 31, 58. 

Oxidation: ammonia, 173, 175, 176, 
177, 178, 186; and preheating, 
141; effect on gas, 55, 146; 
effect on plastic layer, 27, 28; 
effect on swelling, 142; of creo- 
sote oil, 338; of primary tar, 86, 
338; of shale, 55, 56; of sulphur, 
193. 

Oxygen: atmosphere, 67, 174, 178; 
coal, 15, 22, 89, 180; combustion 
gas, 148. 

Oxygenated compounds, 21. 


Paint, tar, 339. 

Paraffins, 20, 79, 103. 

Parkgate coal, 98. 

Parr-Layng process, 22. 

Partial gasification processes, 194, 
237, 355. 

Peat, 8, 23, 26, 40, 51, 52, 79, 103, 104, 
133, 134, 163. 

Pennsylvania: coal, 39, 41, 48, 46, 56, 
58, 59, 62, 63, 64, 65, 69, 75, 78, 80, 
81, 82, 84, 89, 92, 93, 99, 100, 101, 
105, 107, 108, 114, 115, 119, 123, 
124, 125, 127, 131, 148, 152, 153, 


160, 162, 164, 186, 195, 196, 215; 
fireclay, 281; petroleum, 104. 

Persia, petroleum, 112, 367. 

Peru, petroleum, 367. 

Petrol, 127. 

Petroleum: boiling range, 100; crack- 
ing, 81; fractionation, 104; freight 
rate, 362; gas oil, 120; miscibility, 
111, 112, 113; pipelines, 362, 363; 
production, 366, 367; resources, 
366. 

Pharmaceuticals, 339, 340. 

Phenols, 89, 90, 91. 

Pintsch process, 354. 

Pipeline transmission, 362, 363, 364. 

Piron-Caracristi process, 246, 247, 
248, 256, 354. 

Pitch, 98, 334, 336, 337, 349, 350. 

Pittsburgh, coal, 18, 23, 25, 40, 99, 
100, 101, 126, 148, 195, 196, 198. 

Plastic layer, effect of oxidation, 25, 
26, 27, 28, 29, 261, 262, 263. 

Pocahontas coal, 23, 25, 27, 195. 

Poland, petroleum, 367. 

Polymerization, hydrocarbon, 339. 

Porcelain, 167. 

Port Dundas plant, 237, 238. 

Potential markets, 345. 

Power and steam, 321; factor, 359; 
generation, 358; plants, by- 
product recovery, 352, 353; to 
grind semi-coke, 158. 

Preheating and oxidation, 27, 28, 141, 
143; charge, 232, 235, 242, 255, 
256. 

Pressure: across plastic layer, 262; 
cracking, 66, 81, 122; effect on 
coke, 137, 328; effect on tar, 81. 

Price: ammonium sulphate, 344, 345; 
breeze, 316; Chilean nitrate, 341, 
344, 345; coke, 316, 347; fixed 
nitrogen, 342, 343; gas, 316, 317, 
333, 350; gas coal, 317; products, 
325, 326; tar, 316. 

Primary: Carbocoal retort, 209, 210, 
311; carbonization, 141; decom- 
position products, 64. 
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Process: Carbocite, 354, 355; Carbo- 
coal, 89, 92, 94, 99, 100, 109, 134, 
159, 164, 209, 210, 211, 212, 213, 
214; Coalite, 14, 86, 90, 91, 94, 95, 
96, 97, 134, 162, 215, 217, 218, 219, 
220, 318, 319; Fellner-Ziegler, 16; 
Freeman, 220, 221, 222, 223; Fuel 
Research Board, horizontal, 50, 
51, 62, 75, 91, 109, 110, 111, 124, 
134, 164, 224, 225; Fuel Research 
Board, vertical, 51, 98, 103, 104, 
138, 134, 227, 228, 229, 231; 
Fusion, 230, 231, 232, 256; Glover- 
West, 33, 34, 68, 70, 226, 227; 
Greene-Laucks, 233, 234, 257; 
Hanl, 355; K.S.G., 235, 236, 237, 
256, 285, 318, 319; Maclaurin, 50, 
51, 134, 237, 238, 239, 240, 271, 
318, 319, 349; Marshall-Easton, 
257; McEwen-Runge, 156, 240, 
241, 242, 243, 256, 354; McIntire, 
18, 116, 214, 215, 216; Merz and 
McLellan, 354; Nielsen, 89, 109, 
110, 134, 185, 243, 244, 245, 246, 
318, 319, 339, 356, 357; Parr- 
Layng, 22; Pintsch, 354; Piron- 
Caracristi, 246, 247, 256, 348, 354; 
Salerni, 355; Sutcliffe-Evans, 246, 
249, 250, 318, 319; Tozer, 79, 81, 
89, 109, 110, 134, 135, 251, 252, 253, 
318, 319; Wisner, 354. 

Processes: adaptability, 206, 326; 
classification, 207, 208, 209, 353; 
complete gasification, 315, 317, 
321; cost, 315, 319, 320; economics, 
ammonium sulphate, 340; ex- 
ternally heated, 315, 317, 319, 320, 
821, 354, 355; fixed charges, 321; 
full-scale, 51, 109, 134, 318, 319; 
heat balance, 315; internally 
heated, 51, 315, 317, 319, 320, 321, 
354, 355; number, 206; operating 
expense, 321; partial gasification, 
194, 237, 355; revenue, 316, 317, 
318, 319; stages, development, 
254; thermal efficiency, 316; 
yields, 314, 315. 
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Processing coal, cost, 322. 

Producer gas, 4, 6, 154, 155. 

Production: ammonium _ sulphate, 
345, 351; briquets, 347, 348; coal, 
365; coke, 346, 347; natural gas, 
351; oil shale, 367; oils, 348, 349; 
petroleum, 366, 367; tar, 348. 

Products: and their uses, 323; chem- 
ical compounds, 20, 21; economic 
worth, 367, 368; market relation, 
322, 324, 326; nature, 207, 325; 
price, 325, 326; primary decom- 
position, 64; tar, 336, 337; with- 
drawal, 12; yield, 315. 

Public utilities, 324, 325, 332, 333. 

Pulverized: coal carbonization, 156, 
240, 356, 357, 359; semi-coke, 157, 
158, 159, 352, 355, 356, 357. 


Quartz, inversions, 279. 
Quartzite, 274. 


Radiation: efficiency, semi-coke, 155, 
156; heat transfer, 308, 309, 310, 
311, 312, 313. 

Railroads, coal consumption, 345, 346. 

Rate: ammonia decomposition, 168, 
189; flow, 176, 177; gas evolution, 
35, 36, 61, 62; heat transfer, 29, 
300, 301; heating, 62, 139, 140, 150, 
151, 279; plastic layer travel, 28, 
29; reaction, 72, 168, 169. 

Reaction: coal sulphur, 193; heat, 19, 
22; hydrogen and carbon, 184; 
pressure, 122; rate, 72, 168, 169; 
secondary, 64; water gas, 70, 71, 
72. 

Recovery: by-product, central sta- 
tion, 352; fixed nitrogen, 160, 161, 
181, 182, 340; light oil, 123. 

Refining, tar, 99, 108, 111, 322, 336, 
360. 

Refractories: catalytic effect, 65, 169, 
170, 174, 177, 178; composition, 
267, 279, 280; critical tempera- 
ture, 270, 279; effect of carbon 
monoxide, 272; heat absorption, 
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304; leakage, 273; porosity, 269, 
273; properties, 268, 269, 273; 
radiant emissivity, 309; refrac- 
toriness, 269, 283; salt erosion, 
271; slagging, 271, 272; spalling, 
268, 270, 279, 304; specific gravity, 
269, 275, 282; specific heat, 278; 
strength, 282, 283, 284; thermal 
conductivity, 268, 273, 274, 275, 
276; thermal diffusivity, 273, 275, 
277; thermal expansion, 269, 280, 
281, 282; use, 266, 268, 272, 273. 

Regenerators, 301, 302, 303, 304, 313. 

Repairs and maintenance, 321. 

Residuum: lignitic, 144; solid, 11. 

Resin, 9, 10, 136, 187, 142, 192. 

Resources, fuel, 364, 366, 367, 369. 

Retorts: construction, 272; design, 
258, 299; efficiency, 261; failure, 
206; gas removal, 258; heat ab- 
sorption, 60, 61; heat input, 299, 
300; heat transfer, 265, 300, 301, 
305; intermittent operation, 260; 
internal conveyor, 209, 220, 233, 
246; leakage, 273; local heating, 
299; low temperature, 206, 207, 
259, 265, 266; materials, construc- 
tion, 54, 264; metallic, 264, 265, 
284, 285, 299; operation, 254; over- 
heating, 301; refractory, 266, 267, 
268, 273, 277, 284; rotary, 231, 236, 
243, 255, 256, 257, 258; selection, 
260, 261; steaming, 185, 268; 
taper, 263; thermal insulation, 
300; throughout, 259; tunnel, 246. 

Revenue, 316, 317, 318, 319, 358, 359. 

Rhenish brown coal, 79. 

Rotary retorts, 231, 286, 243, 255, 256, 
257, 258. 

Rothsburg oven, 29. 

Rumania, petroleum, 367. 

Russia: coal, 364; petroleum, 367. 


Sale: by-product, 357; coke, 347, 358; 
creosote, 349; fixed nitrogen, 341, 
343, 352; gas, 322, 332, 333, 351; 
light oil, 333, 348; tar, 322, 348. 
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Salerni process, 355. 

Salt, effect, 172, 271. 

Sawdust, 23, 26. 

Saxon brown coal, 79. 

Scotland: coal, tar, 87; shale, 54, 55, 
79, 104. 

Serubbing plant, 320. 

Secondary: Carbocoal retort, 211, 
212, 214; decomposition, 64; pro- 
duction, ammonia, 184. 

Semi-coke: abrasiveness, 158; analy- 
sis, 130, 131, 132, 134, 135, 147, 
151, 152, 180, 213, 222, 226, 232, 
240, 243, 245; ash, 356; blending, 
332; character, 11, 129, 130, 153, 
211, 260, 261, 327, 328, 331, 356; 
combustion, 135, 148, 356; effect of 
atmosphere, 188, 201, 202, 203; 
effect of steam, 151, 152, 188, 200 
201, 204; effect of time, 188; 
merchandizing, 331; oxygen, 130; 
power char, 156, 157, 158, 159, 
352, 358, 355, 356, 357; producer 
gas fuel, 154, 155; quenching, 255; 
radiation efficiency, 155, 156; 
screening and sizing, 153; smoke- 
less fuel, 38, 129, 154, 155, 156, 
328, 331; specific gravity, 135; 
value, 318, 331, 356; yield, 130, 
131, 132, 151, 152, 315. 

Shale, 53, 54, 55, 56, 79, 238, 234, 349, 
366, 367. 

Shetland peat, 79, 134. 

Sieve analysis, 243. 

Silesian coal, 162, 165. 

Silica refractory, 169, 170, 174, 266, 
267, 268, 269, 270, 271, 274, 276, 
277, 278, 279, 280, 282, 288, 304. 

Siliceous refractory, 170, 266, 269, 274, 
276, 277. 

Silkstone coal, 164, 253. 

Silocel, 304. 

Size, fuel, 153, 301, 329. 

Slagging, 271, 272. 

Smoke, 13, 14, 158, 331, 382. 

Solids: radiation, 308; tar, 96. 

South America, coal, 364. 
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Space, coke storage, 330. 

Spain, lignite and shale, 253. 

Spalling, 268, 270, 279, 282, 302, 303, 
304. 

Specific effect: gas, 176, 177, 184; 
heat, 278, 279, 288, 298; weight, 
361. 

Specific gravity: coke, 135; ferrous 
materials, 288, 289, 298; refrac- 
tories, 269, 275, 282; shale oil, 79, 
118; tar, 78, 84, 102, 103, 109, 110; 
tar acids, 92; tar fractions, 98, 
102, 124. 

Specifications, creosote, 336. 

Stages: carbonization, 263, 264; coal 
swelling, 1387; development, 254; 
gas evolution, 49, 50. 

Standing, effect on tar, 86. 

Steam and power: cost, 321; effect on 
ammonium sulphate, 185, 186, 
187, 188, 189, 191; effect on coke, 
151, 152; effect on nitrogen, 67, 
68, 69, 70, 185; effect on sulphur, 
200, 201, 204; effect on tar, 84, 91, 
105, 106, 107, 108; effect on tar 
acids, 92; effect on temperature, 
83, 34; erosion, 268; evaporation, 
159, 356, 357; extraction for 
carbonization, 354; physical 


effect, 67, 68; reaction with car- . 


bon, 67, 70, 71. 

Steel, 278, 285, 286, 291, 293, 294, 295, 
296, 297, 298, 299. 

Sticking coals, 255, 256, 257, 259. 

Stier brown coal, 53. 

Still coke, 334, 337. 

Storage, coke, 159, 193, 330. 

Strength: coke, 141, 150, 151; metals, 
286, 287, 288, 294; refractory, 282, 
283, 284. 

Sulphur: balance, 203; coal, 191, 192, 
193; coke, 198, 199, 200, 201, 202, 
203, 204, 330; distribution, 96; 
effect of hydrogen, 198, 199, 200, 
201, 202, 203, 204; effect of nitro- 
gen, 200, 201, 203; effect of oxida- 
tion, 193; effect of steam, 200, 201, 
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204; effect of temperature, 193, 
194, 195, 196, 197, 201, 202, 204; 
removal, 194, 197, 199, 200, 201, 
202, 203; tar, 96, 97. 

Sulphuretted compounds, 21. 

Superheating gas, 64, 65. 

Supervision, 321. 

Supplies, 321. 

Surfaces, catalytic, 64, 65, 178. 

Sutcliffe-Evans process, 249, 250, 318, 
319. 

Swelling, coal, 136, 137, 138, 139, 140, 
142, 148. 

Swilley, coal, 98. 

Synthetic products, 5, 337, 342, 343. 


Tar: acids, 15, 79, 89, 91, 92, 93, 98, 
103, 117, 121, 127, 334, 337; 
aromatic hydrocarbons, 15, 87, 
88, 117; bases, 98, 94, 95, 96, 98, 
103, 117; boiling range, 92, 93, 94, 
100, 101, 105, 106, 107; coke oven, 
348, 362; constitution, 15, 16, 17, 
37, 73, 74, 79, 84, 85, 87, 88, 89, 90, 
91, 92, 93, 94, 95, 97, 99, 108, 111, 
114, 117; consumption, 316, 334, 
335, 348, 368; creosote, 334; de- 
composition, 85; distilling, 73, 99, 
111, 822, 336; eduction, 73; effect 
of carbon-hydrogen ratio, 76, 77; 
effect of moisture, 83, 84; effect 
of oxidation, 55, 83, 86; effect of 
distillation rate, 80; effect of 
time, 79; emulsions, 96; examina- 
tion, 108; flash point, 111; free 
carbon, 103; from brown coal, 84; 
from lignite, 84, 97, 102; from 
peat, 79, 103, 104; full-scale 
retort, 109; gas from cracking, 
86, 116, 119; hydrogenation, 120, 
121, 127; liquor, 96, 97; low tem- 
perature, 73; market, 73, 120, 
322, 334, 335, 336, 337, 339, 340, 
348, 350, 368; miscibility, 111, 
112, 118, 127; optical rotation, 85; 
oxidation, 86; primary, 73; pro- 
duction, 334, 348; refinery, loca- 
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tion, 360; relation to coal, 15, 74, 
83, 89, 334; solubility, 85; trans- 
portation, 335, 362; unsaturated 
hydrocarbons, 108, 111, 117; 
value, 84, 86, 316, 318, 334, 335, 
340, 348; viscosity, 362; yield, 55, 
75, 76, 77, 78, 79, 80, 81, 82, 83, 
84, 92, 98, 103, 104, 111, 162, 315. 

Temperature: cracking, 66, 115, 116, 
119, 120; distribution, 33, 34; 
effect on cast-iron, 290; effect on 
heat liberation, 25, 26; effect on 
nitrogenous products, 162, 163, 
165, 166, 167, 169, 174, 178, 184, 
186, 187, 188, 189; effect on 
emissivity, 309; effect on spalling, 
270, 279; effect on specific heat, 
278; effect on refractory, 283, 284; 
effect on sulphur, 194, 195, 196, 
201, 202, 204; effect on swelling, 
138, 139, 140, 148; effect on tar, 
73, 77, 78, 79, 82, 92, 100, 101, 102, 
114, 162; effect on _ tensile 
strength, 286, 294; effect on 
thermal conductivity, 274, 276, 
277, 288; effect on thermal dif- 
fusivity, 277; effect on thermal 
expansion, 280, 297; effect on 
water gas, 72; high, alloys, 285; 
ignition, coke, 135, 146, 147; 
isotherms, 31, 32; regulation, 255. 

Tennessee coal, 192, 194, 195. 

Tensile strength, 286, 287, 288, 293, 
294, 295. 

Test: creosote, 338; lubricating oil, 
339; pulverized semi-coke, 356, 
357; semi-coke briquets, 159; 
semi-coke in gas producer, 154, 
155. 

Texas: lignite, 23; petroleum, 112. 

Texture, coke, 137. 

Thermal: conductivity, 266, 268, 278, 
274, 275, 276, 277, 288, 298, 300, 
301; decomposition, 9, 116; dif- 
fusivity, 265, 266, 278, 275, 277, 
288, 299, 302; efficiency, 316; 
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expansion, 269, 280, 281, 282, 297, 
298; gradient, 29, 30; insulation, 
268, 300; saturation, refractory, 
303; transformation, 16, 22, 193, 
194, 196, 197, 279. 

Thermal value: coal, 41; coke oven 
gas, 59, 60; gas, 61, 62, 68, 119; 
lignite char, 1383, 325; peat tar, 
103; primary tar, 76, 109, 111, 335; 
semi-coke, 131, 132, 316, 325. 

Thermochemistry, 19. 

Thin layers, carbonization in, 125, 
215, 220, 223, 246, 252. 

Thorneliffe coal, 98. 

Time: effect on, ammonia, 163, 184, 
187, 188, 189, 191; charge tem- 
perature, 30, 31; gas, 56, 57, 58, 
59, 60, 61; heat absorption, 60, 
308, 304; operation, 56; reaction 
pressure, 122; sulphur removal, 
199, 200, 201, 202, 204; tar, 77, 78, 
79, 80, 82, 83, 162. 

Tozer process, 79, 81, 89, 109, 110, 
134, 135, 251, 252, 253, 318, 319. 

Transformation, chemical, 16, 193, 
194, 196, 197, 279. 

Transmission, pipeline, 360, 362, 363, 
364. 

Transportation: centers, location of 
plant, 359; charge, 259; oil, 362; 
pulverized semi-coke, 356; tar, 
335, 362. 

Trinidad petroleum, 112, 113, 367. 

Trouble, operation and design, 96, 
254, 255, 256, 257, 258, 259, 270, 
301. 

Tunnel retorts, carbonization in, 246. 


United States: coal, 364, 365; petro- 
leum, 366, 367; pipelines, 362, 363; 
shale oil, 118. 

Unsaturated hydrocarbons, 108, 111, 
117. 

Upper Kittaning coal, 40, 99. 

Upper Silesian coal, 90. 
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Uses: breeze, 329; gas, 350, 351; 
pitch coke, 334, 337, 349, 350; 
principal products, 323; refined 
tar, 336; semi-coke, 153. 

Utah coal, 17, 18, 23, 25, 41, 45, 55, 75, 
76, 81, 100, 104, 131, 160, 162, 164. 

Utilization, fuel, 5, 345, 346. 


Vacuum: distillation, 62, 68, 81; 
effect on coke, 137; effect on gas, 
49, 50, 62, 63; effect on tar, 81, 82, 
107. 

Value: ammonium sulphate, 318; 
coal, 347; coke, 318, 328, 331, 346, 
347, 356; creosote, 336; fuel, 325, 
326; gas, 317, 318, 332; light oil, 
318, 334, 348; pitch, 336, 350; 
special, 325, 340. 

Varennes coal, 142, 143. 

Velocity: constant, 168, 169, 170, 171, 
172, 178; flue gas, 301; heat trans- 
fer, 265; reaction, 72. 

Venezuela, petroleum, 367. 

Vertical retorts, 33, 34, 68, 98, 103, 
104, 133, 134, 226, 227, 228, 229, 
231, 263. 

Virginia coal, 40, 41, 42, 46, 75 153, 
160, 164. 

Volatile matter: deposited as tar, 76; 
effect on ignition temperature, 
135; semi-coke, 34, 129, 135. 


Walkerville plant, 247. 

Warwickshire coal, 98. 

Washing coal, 9, 197. 

Washington lignite, 52, 102, 133, 163. 

Water gas, 6, 70, 71, 72, 332, 350, 351. 

Water vapor: effect on ammonia, 176, 
177, 186; gaseous radiation, 312. 

Waukegan plant, 233. 

Wavelength, radiation, 311, 312. 

Wax, tar, 103. 
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Weathering, coal, 83. 
Welback cannel, 232. 

Welsh coal, 22, 47, 63, 77, 78, 79. 
West Virginia coal, 40, 41, 42, 46, 62, 
63, 81, 82, 116, 117, 160, 195. 

Westphalian coal, 86.- 

Wigan cannel, 258. 

Willesden plant, 220. 

Wood, 39, 40, 337, 338, 349. 

World’s fuel resources, 346, 365, 366, 
367. 

Wyoming coal, 40, 41, 42, 46, 57, 58, 

' 62, 63, 75, 78, 82, 83, 153, 160, 163. 


Yield: ammonium sulphate, 160, 162, 
163, 164, 165, 166, 180, 185, 186, 
315; gas, 40, 42, 46, 47, 48, 49, 51, 
52, 58, 54, 55, 58, 59, 62, 63, 64, 
65, 67, 68, 69, 70, 119, 162, 315; 
heavy oil, 98; light oil, 98, 115, 
118, 125, 126, 127, 315; middle oil, 
98; pitch, 98; semi-coke, 130, 131, 
132, 183, 151, 152, 162, 315; tar, 
55, 75, 76, 77, 78, 79, 80, 81, 82, 83, 
84, 92, 98, 103, 104, 111, 162, 315. 

Yields, process: Carbocoal, 164, 214, 
215; Coalite, 164, 217, 218, 220; 
from retort types, 37, 314, 315; 
Fuel Research Board, horizontal, 
75, 164, 225; Fuel Research Board, 
vertical, 104, 229, 231; Freeman, 
222, 223; Fusion, 232; Glover- 
West, 227; Greene-Laucks, 233, 
234; K. S. G., 237; Maclaurin, 
239, 240; McEwen-Runge, 242; 
McIntire, 215; Nielsen, 245, 246, 
357; Piron-Caracristi, 247; Sut- 
cliffe-Evans, 250; Tozer, 253. 

Yorkshire coal, 180, 181. 

Youghiogheny coal, 242. 


Zirconia, 278, 280, 281, 283. 
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Sans Tache 


N THE “elder days of art’’ each artist or craftsman 
I enjoyed the privilege of independent creation. He 

carried through a process of manufacture from be- 
ginning to end. The scribe of the days before the printing 
press was such a craftsman. So was the printer in the 
days before the machine process. He stood or fell, as a 
craftsman, by the merit or demerit of his finished product. 


Modern machine production has added much to the work- 
er’s productivity and to his material welfare; but it has 
deprived him of the old creative distinctiveness. His work 
is merged in the work of the team, and lost sight of as some- 
thing representing him and his personality. 


Many hands and minds contribute to the manufacture of a 
book, in this day of specialization. There are seven dis- 
tinct major processes in the making of a book: The type 
must first be set; by the monotype method, there are two 
processes, the “keyboarding” of the MS and the casting of 
the type from the perforated paper rolls thus produced. 
Formulas and other intricate work must be hand-set; then 
the whole brought together (‘“‘composed’’) in its true order, 
made into pages and forms. The results must be checked 
by proof reading at each stage. Then comes the “make- 
ready’ and press-run and finally the binding into volumes. 


All of these processes, except that of binding into cloth or 
leather covers, are carried on under our roof. 


The motto of the Waverly Press is Sans Tache. Our ideal 
is to manufacture books “without blemish’—worthy books, 
worthily printed, with worthy typography—books to which 
we shall be proud to attach our imprint, made by craftsmen 
who are willing to accept open responsibility for their work, 
and who are entitled to credit for creditable performance. 


The printing craftsman of today is quite as much a, crafts- 
man as his predecessor. There is quite as much discrimina- 
tion between poor work and good. We are of the opinion 
that the individuality of the worker should not be wholly 
lost. The members of our staff who have contributed their 
skill of hand and brain to this volume are: 


Keyboards: Hannah Scott, Helen Twardowicez, Mary Franck, 
Mildred Lambert, Louise Hilpert, Vera Taylor, Anna Rustic. 
Composing Room: Harry Harmeyer, Arthur Baker, Anthony 
Wagner, Herbert Leitch, George Moss, Ernest Salgado, James 
Armiger, Ray Kauffman, Andrew Rassa, James Jackson, Richard 
King, Henry A. Shea, Harry Susemihl, Edward Rice,{Theodore 
Nilson. 

Press Room: Leo Ledlick, August Hildebrand, Fred Lucker, Emory 
Parsons, Andrew Becker, Henry Shreck, Robert Ginter. 

Casters: Kerneth Brown, Charles Aher, Ernest Wann, Martin 
Griffen, Henry Lee, Mahlon Robinson, George Smith, Charles 
Fick, George Bullinger. 

Proof Room: Sarah Katzin, Mary Reed, Alice Reuter, Ruth 
Jones, Ethel Strasinger, Dorothy Strasinger, Audrey Tanner, 
Angeline Eifert, Lucile Bull, Lillian Gilland, Ida Zimmerman. 


Cutter: William Armiger. 


Folders: Laurence Krug, Shipley Dellinger. 
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A SERIES planned to include outstanding works of inter- 
national value, written in a foreign tongue and trans- 
lated into English. The plan also includes the issue of work 
of American authors of outstanding merit. 
The general editor of the Series is E. Emmet Rem of the 
Johns Hopkins University. 


Nitroglycerine and Nitroglycerine Explosives 


By Puoxion Naotm. ‘Translated by E. M. Symwes, 
Hercules Powder Company. ‘The translation includes Amer- 
ican practice. Practically the only book in English which 
covers the subject comprehensively. Price $7.00. 


Organic Laboratory Methods 


By Lassar-Coun. Recognized the world over as stand- 
ard, for many years. No book in English, it is believed, 
covers the field so thoroughly. The translation is by RALPH 
E. Orpser, Associate Professor of Analytical Chemistry of 
the University of Cincinnati and his associates. The book 
was scheduled for publication in November, 1928, at a prob- 
able price of $6.50. 


The Colloids, the Gels and Their Solutions—Barry. 
The Chemistry of Color—MarrIneT—ALEXANDRE. 
The Chemistry of Perfumes—Orro. 

Coal Chemistry—Stracue-Lant. 
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